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ABSTRACT 


Potentials of SAL 1020 steel were measured in 1.0N H.SO, and tap water, each with 
added amines. The steady state potential was found to be a function of the nature and 
concentration of the amine additives. The effect could not be completely reversed in all 
cases when the metal was placed in amine-free solutions. Anodic and cathodic polariza- 


tion measurements in the presence of the amines showed that both anodic and cathodic 


areas were affected by the inhibitor. Decomposition potential curves for those systems 


pointed to the same conclusion. 


The data are discussed in terms of a generalized theory of corrosion inhibition. It is 
postulated that the measured changes are due to adsorption of the polar compounds on 
the metal surface. The lack of complete reversibility is attributed to the heterogeneity 


of the surface giving rise to a variety of adsorption energies. Inhibition at the anodic 


areas is considered to be due to an actual reduction in tendeney for the iron ions to go into 


solution due to a displacement of electrons from the metal toward the positively charged 
particle rather than toward the cathodic areas within the metal. The amines may act as 


inhibitors at the cathodic areas by virtue of diffusion effects, increased resistance, and 


overvoltage. 


INTRODUCTION 


Chere is a growing belief among many investi- 
gators that the mechanism of corrosion inhibition 
by organic compounds involves adsorption which is 
not limited to either anode or cathode regions (1, 2, 
3, 4). Most of the earlier workers suggested that 
inhibition was due principally to adsorption of the 
inhibitor on the cathodic areas. In a recent paper, 
Hoar (5) concluded that inhibition takes place 
through a general adsorption which interferes with 
both the anodic and cathodic processes with the 
effect on the former generally being greater. His 
conclusions were based on weight loss and single 
electrode potential measurements of mild steel cor- 
roding in dilute sulfuric acid using varying concen- 
trations of beta-naphthoquinoline and ortho-tolyl- 
thiourea as additives. Cavallaro (6) and his co- 
workers have recently made a_ study of the 
electrochemical mechanism of corrosion processes 
by determining the effect of anodie and cathodic 
polarizations on the electrode potential of steel. They 
also reported inhibition to be due to both cathodic 
and anodic effects. A study of anodic and cathodic 
polarization curves led Kuznetsov and Tofa (7) to 
the conclusion that the inhibitor was adsorbed. They 
stated that the adsorbed inhibitor retards hydrogen 

1 Manuscript received October 11, 1949. This paper pre 
pared for delivery before the Chicago Meeting, October 12 
to 15, 1949. This work was carried out under Contract 
Ndori-136, Task Order II, with the Office of Naval Research. 


2 


? Present address: Continental Oil Company, Ponea City, 
Oklahoma. 


evolution at the cathodic areas and solution of iron 
at the anodic areas. 

Bockris and Conway (8) related corrosion inhibi- 
tion to the activation overpotential of hydrogen at 
an iron surface*in a solution containing inhibitors. 
Overpotential measurements were made on iron elec- 
trodes in 0.1N HCl by direct and indirect methods 
to distinguish between hydrogen activation over- 
potential and increase in resistance at the cathode- 
solution interface due to the presence of an adsorbed 
film. Measurements were made with varying polariz- 
ing currents. The increase in overpotential was gen- 
erally greater with increasing complexity of inhibition 
molecule and at higher concentration. It was shown 
that the presence of certain inhibitors caused a con- 
siderable increase in the hydrogen activation over- 
potential but that ohmic resistances were negligible. 
Corrosion inhibition was thus attributed to an in- 
crease in hydrogen overpotential. They also showed 
that corrosion activators such as nitrobenzene caused 
the hydrogen overpotential to decrease. The claim 
was made that the prevention of ionic diffusion 
could not be a factor in the inhibition process. 

A study of the effect of the addition of amines on 
the electrode potential of copper in buffered acid 
solutions was discussed in an earlier paper from this 
laboratory (9). Those data were discussed in terms 
of a generalized theory for the mechanism of organic 
corrosion inhibitors (10). It seemed advisable to 
extend the previous work to a study of the effect 
of various amines on the electrode potential of mild 
steel. 








The adsorption of cationic materials (e.g., amines) 
on the surface generally may be explained by a 
mechanism in which the positive inhibitor particle 
(oxidizing agent) offers competition for the electrons 
flowing from anodic to cathodic regions within the 
metal. The displacement of electrons toward the 
positively charged particle may, in a sense, cause 
equipotentialization of the surface with consequent 
decreased tendency for galvanic corrosion. By such a 
mechanism, the most active (most nearly oxidized) 
atoms may actually be fully oxidized and dissolve 
at very low concentrations of inhibitor. However, at 
slightly higher inhibitor concentrations the next most 
active atoms might be partially oxidized, thus fur- 
ther decreasing the flow of electrons in the metal. 
It is likely, though, that only a very small fraction 
of the surface atoms are involved in actual electronic 
transfers (11). Essentially, then, the effect is one of 
partial polarization from the solution side. At ca- 
thodie areas the particle may be adsorbed by Van 
der Waals forces or held by electrostatic forces, 
thereby providing a diffusion barrier or ohmic 
resistance. 

If the above is true, it appears that it should be 
possible to get surface effects using either homoge- 
neous anodic or cathodic surfaces, as well as ordinary 
surfaces. Homogeneous anodie and cathodic surfaces 
could be obtained by anodic and cathodic polariza- 
tion of steel coupons. Adsorption isotherm type 
curves already have been described for amines on 
cathodically polarized mild steel in LN sulfuric acid 
(12). Evidence of adsorption on anodically polarized 
coupons would lend further support to the idea that 
the inhibition mechanism involves adsorption less 
specifically than at cathode areas alone. 


IX PERIMENTAL 
Equipment and Materials 


Potential measurements were made using a Type 
K-2 Leeds & Northrup potentiometer as described 
previously (9). Changes in pH were obtained with a 
Model G Beckman pH meter which could be read 
to 0.02 pH units. Optical density measurements 
were made with a Model DU Beckman Photoelectric 
Quartz Spectrophotometer. A tungsten lamp sup- 
plied light of 500 mu wavelength. 

The tap water used was slightly alkaline with a 
chloride content of 2-3 ppm. The calcium and mag- 
nesium content was relatively small. The sulfuric 
I. du Pont 
Company and contained very small amounts of iron, 


acid used was obtained from the E. 


ammonium ion, heavy metals (chiefly lead), reducing 
materials (chiefly SO.), and nonvolatile materials. 
The n-octyl and n-decyl amines (Armeen 8D and 
Armeen 10D) were furnished by Armour and Com- 
pany. They were purified by distillation and were 
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better than 90 per cent pure. The impurities consisted 
of the amines with two carbons more or less than in 
the subject compound. The other amines were all 
made by Eastman Kodak Company and were all of 
the highest purity available except for the dibenzy] 
amine which was “technical” grade. 

Coupons, 2.5 x 5.0 x 0.6 em, were prepared from 
SAE 1020 sheet steel. The coupons were cleaned by 
abrasion with a fine grade emery belt (Grit No. 100), 
scrubbed with pumice, rinsed with distilled water, 
and then rubbed carefully with a towel to remove 
clinging particles of emery, pumice, and droplets of 
water. They were then coupled in the electric circuit 
as described previously (9). A saturated calomel 
cell was used as the reference electrode. 
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Fic. 1. Effect of adsorption and desorption of 0.047 molar 
diethyl amine on the eleetrode potential of 1020 steel at 25 


Potentials in Tap Water 


A steel coupon was placed in a cell containing 
200 ml of tap water at 25 + 0.2°C and the potential 
was observed at various time intervals until a steady 
state value was reached. At this point a weighed 
amount of diethyl amine was added to the system 
to give a 0.047 molar solution and a very rapid 
change of potential in the more noble direction was 
observed. It was found that the steady potential was 
dependent on the concentration of amine added, as 
had been the case with copper (9). After the po- 
tential had reached a reasonably steady value, an 
attempt was made to reverse the potential shift by 
transferring the inhibited coupon to a beaker con- 
taining tap water free of amine. If the adsorbed 
amine were completely removed, the final potential 
should have been very nearly the same as that of the 
uninhibited coupon. 

An interesting outcome of this work was the ob- 
servation that after exposure of the steel to higher 
inhibitor concentrations (0.017-0.047 molar), the po- 
tential shift could be reversed completely, but, for 
lower concentrations (0.0028—0.014 molar), the effect 
did not appear to be entirely reversible. These ex- 
periments are illustrated by Fig. 1 and 2. At point A 
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the coupon was placed in the solution; at point B 
the inhibitor was added, and at point C the washing 
process was begun; points D and E on Fig. 2 repre- 
sent successive washings. Note that the initial change 
in the noble direction in the case of the 0.047 molar 
diethyl amine (Fig. 1) was quite high, but that the 
final steady potential after desorption indicated com- 
plete reversal of the potential shift. On the other 
hand, the rise due to the 0.014 molar diethyl amine 
was much smaller, but the final equilibrium value 
after three successive washings indicated that not 
all of the adsorbed material had been removed by 
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Fic. 2. Effect of adsorption and desorption of 0.014 molar 


diethy! amine on the electrode potential of 1020 steel at 25°. 

















50} 
o 35° 
wo40r a 
f= 
al 
°o 
2 
at 
2 
= 
z 
WwW 
Oo 2 3 4 ; 
MOLAR CONG xX 100 


Fic. 3. Triethyl amine adsorption on 1020 steel from 
LON H.SO,. 


the simple washing process. Similar observations 
have been made in two other independent investiga- 
tions here; first, using a procedure in which the 
extent of adsorption of polar organic molecules on 
steel powder from benzene was measured gravi- 
metrically (13), and second, in an electron diffraction 
study of steel surfaces as an alkyl substituted suc- 
cinimide was adsorbed and desorbed from benzene 
solutions (14). These suggested that adsorption rate, 
steric factors, and different types of surface forces 
were involved. 
Potentials in Sulfuric Acid 

A more complete study was then made of the 

potential of the steel in 1N H-SO, as a function of 
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the nature and concentration of added amine. Ex- 
periments were made using varying concentration 
of nine amines at 35°C and at 45°C. The solutions 
were prepared by dissolving weighed amounts of 
inhibitor in 1.0N H.SO,. The steady state potential 
of the coupon in an amine-free acid solution at each 
temperature was determined first. The steady state 
potentials in the various inhibitor solutions were 
then measured and were again found to be somewhat 
more noble. The difference between the potential 
of the inhibited and uninhibited coupon was taken 
to be a measure of the extent of adsorption. Plotting 
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Fic. 5. Triethyl amine adsorption on 1020 steel from 
i.ON H.SO,. 


this difference in potential against the inhibitor con- 
centration for each amine at each temperature gave 
“adsorption isotherms.” As an illustration, Fig. 3 
shows the curve for triethyl amine. Fig. 4 and 5 
show these data plotted according to equations 
modeled after the linear forms of the Langmuir 
and the Freundlich equations (9). According to Hal- 
sey (11), the agreement with the Langmuir equation 
indicates the presence of less than a monolayer and 
the existence of chemisorption forces. Table I con- 
tains a compilation of the results obtained with the 
nine amines. 

Constants of the Langmuir and Freundlich equa- 
tion were determined from the linear forms using 
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the best apparent straight line through the experi- 
mental points. Calculated isotherms using these con- 
stants fitted only moderately well. By fitting the 
linear form by the method of averages, constants 
were obtained for the triethyl amine system at 45° 
which gave a calculated isotherm coincident with 
the lower curve in Fig. 3. The actual values of 
a’, k, and n are not of great significance although the 
n values are of the usual order of magnitude. The 
values of b’ (column 5, Table I) are the highest 
potentials attained according to the modified form 
of the Langmuir equation and compare reasonably 


TABLE I 


Langmuir Freundlich 


Amine = Peak Temp coef seneene a 

<1 
Pa b’ a’ n k 
cc mv mo/°C mv 

diethy] 35 7.5 +0.55 9.7| 129 | 2.17 | 37 
45 13.0 15 121 | 2.17 | 92 

di-n-butyl 35 44 —1.2 16 210 | 2.22 | 162 
45 32 29 438 | 2.00 | 220 

di-n-amy] 35 | 25 +0.60 29 292 | 1.59 | 450 
45 31 32 387 | 1.72 | 365 

isobutyl 35 17 —0.95 | 14 355 | 0.94 | 49 
45 7.5 9.2) 273 | 2.33 | 47 

isoamy! 35 =. 26 - 29 117 | 2.17 | 125 

triethyl 35| 35 | —0.20| 31 | 1600| 3.33 | 98 
45 31 38 96 | 2.08 | 175 


tri-n-buty] 35 $2 +1.50 12 1 3.84 | 170 


45 57 56 600 | 2.70 | 380 
benzy! 3543 —0.20 50 222 | 1.75 | 290 

45 11 1s 420 | 1.89 | 310 
dibenzyl 35 = 56 —0.40 | 58 


1900 | 5.88 124 
45 52 50 2000 12.50 


well with the experimental values in column 3 of 
Table I. Brunauer (15) has stated that, for Langmuir 
type adsorption, a’ should change markedly and b’ 
only slightly with temperature. The tabulated 
values are in agreement with such effects. The con- 
stants n and k of the Freundlich equation also vary 
somewhat as described by Brunauer. The data 
appear to obey both of the adsorption equations 
reasonably well, especially the Langmuir equation. 
This is not proof that adsorption is involved. How- 
ever, such a step is either specified or is tacitly 
assumed by many workers, and the parallelism be- 
tween potential changes and adsorption with con- 
centrations is of interest. 

Attempts were made to desorb the amine in each 
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of these systems by washing the coupons in amine- 
free sulfuric acid. The results were somewhat erratic 
but showed that, in general, reversal was not com- 
plete. Although these results were qualitatively re- 
petitive, quantitative checks could not be obtained. 
The chief problem appeared to be the difficulty in 
finding a method of preparing the coupon surface 
reproducibly. 


Potentials after Improved Surface Preparation 


In an attempt to improve the method of coupon 
preparation, cylindrical coupons, 1.8 em diameter x 
6.7 em long, were prepared from a rod of SAE 1020 
steel. The surface was prepared while the coupons 
rotated in a chuck mounted on the shaft of a motor 
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Fic. 6. Adsorption-desorption of octyl amine on 1020 
steel from 1.0N H.SQO,. 
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Fic. 7. Adsorption-desorption of decyl amine on 1020 
steel from 1.0N H.SO. 
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(1150 rpm). Steps in the surface preparation in- 
cluded abrasion with 2/0 and then 4/0 Behr-Man- 
ning emery polishing paper, rubbing with lens paper, 
and coating the flat surfaces and about 1 em of the 
top and bottom of the cylindrical surface with Ucilon. 
A saturated KCl-3 per cent agar bridge was used 
between the solution and the reference calomel 
electrode. 

The effect. of n-octyl and n-decyl amines on the 
potential of these coupons is shown in Fig. 6 and 7. 
These curves were quite reproducible. They are some- 
what sigmoidal except that the second change in 
slope is quite sharp. Assuming saturation concentra- 


tion values for the amines, an attempt was made to 
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fit these data to a linear form of the BET® equation. 
This was not successful, the resulting curves being 
convex to the abscissa. 

The first breaks occur possibly at concentration at 
which all sites available for Langmuir adsorption 
were filled (11) and the subsequent linear rise may 
indicate polylayer formation. At each concentration, 
desorption caused a decrease -in potential due to 
removal of less firmly held solute particles. From the 
essentially horizontal nature of the desorption curves, 
it seems likely that all of the piled-on molecules 
were removed by the washing process. In addition, 
some of the directly adsorbed layer must have come 
off since the horizontal ‘‘desorption” curve lies below 
the just change in slope of the ‘‘adsorption” curve. 


Study of Concentration of Fe(II) and Fe(III) 

Before proceeding further it was necessary to prove 
that the changes in steady state potential were 
actually due to adsorption of the inhibitor and not to 
a change in iron ion concentration in the system. 
Qualitative tests (16) using alpha, alpha’ dipyridy], 
and potassium thiocyanate showed the presence of 
both Fe(II) and Fe(III) in solutions resulting from 
adsorption and desorption experiments with various 
inhibitor concentrations. A quantitative determina- 
tion was then made spectrophotometrically using a 
method according to Foley and Anderson (17). The 
method is based on the fact that Fe(III) forms a 
violet colored complex with sulfosalicylie acid. It 
was found that solutions with smaller total iron ion 
concentrations were those in which steel had ex- 
hibited the more noble potentials. This is contrary to 
effects expected from larger iron ion concentrations 
and also shows that the nobler potential and inhibi- 
tion are related. It was also determined that a 
sudden large increase in iron ion concentration by 
addition of Fe(II) and Fe(III) salts did not cause a 
correponding change in potential in the more noble 
direction. Further, if the potential changes were due 
to iron ions in the solutions, positive temperature 
coefficients would be expected. However, negative 
temperature coefficients are shown in Fig. 6 and 7. 
Therefore the changes in steady state potentials of 
the steel coupons do not appear to be due in any 
large measure to changes in iron ion concentration. 


Use of Polarized Coupons 


Exploratory potential measurements on anodically 
and cathodica!ly polarized steel coupons were made 
to show the effect of varying current density and 
inhibitor concentration on the potential of SAE 1020 
steel coupons in 1.0N H.SO,. The exposed area of 

3 See “Pittsburgh International Conference on Surface 


Reactions,’’ Corrosion Publishing Co., Pittsburgh, 1948, 


p. 82, for details about this equation. 
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the steel coupon was flat and circular (di- 


ameter = 1.90 cm). A platinum wire was used as 
TABLE II. The effect of n-octyl amine concentration on the 
electrode potential of SAE 1020 steel in 1.0N HSO, 
during and after anodic polarization at 35°C 
Polarizing current 
15 milliamperes 


Amine conc molar 30 milliamperes 


Potential Potential Potential Potential 
during after during after 
polarization | polarization | polarization | polarization 

0 0.463 0.498 
0.49 0.453 0.498 
1.15 0.445 0.494 
1.66 0.439 0.492 
2.57 0.427 0.483 
2.93 0.424 0.488 
3.28 0.412 0.486 
3.35 0.414 0.483 
3.48 0.417 0.479 
3.54 0.414 0.465 
0 0.445 0.504 
0.60 0.444 0.504 
1.22 0.424 0.503 
1.35 0.422 0.503 
1.76 0.429 0.500 
2.47 0.409 0.496 
2.87 0.417 0.491 
3.13 0.421 0.494 
3.46 0.404 0.479 


TABLE III. The effect of n-octyl amine concentration on the 
electrode potential of SAE 1020 steel in 1.0N H»SO, 
during and after cathodic polarization at 35°C 

Polarizing current 
5 milliamperes 


Amiae conc molar 10 milliamperes 


1000 
Potential Potential Potential Potential 
during after during after 
polarization | polarization | polarization | polarization 

0 0.553 0.509 
0 0.547 0.502 
0.45 0.575 0.498 
1.08 0.613 0.494 
2.06 0.641 0.497 
2.44 0.640 0.492 
3.39 0.641 0.483 
0 0.582 0.508 
0.67 0.620 0.499 
1.31 0.641 0.494 
1.65 0.648 0.492 
2.06 0.689 0.494 
2.47 0.669 0.493 
3.19 0).699 0.508 
3.34 0.699 0.510 
3.38 0).699 0.504 


the inert electrode in both anodic and cathodic 
polarizations. The electrodes were placed 5 em apart 
in the inhibitor solution. A 6-volt lead storage bat- 


tery served as a source of current. The solutions 
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contained weighed amounts of n-octyl amine in 1800 
ml of 1.0N H.SO,. 

On anodically polarizing the steel, the electrode 
potential changed quite rapidly in the more noble 
direction and reached an essentially steady value 
after about one hour. The steady state value was 
dependent on the concentration of inhibitor. The 
electrode potential attained a less noble value with 
cathodic polarization. When the polarization cur- 
rents were stopped the potentials changed rapidly 
at first toward the original potential of the un- 
polarized coupons and then slowly attained new 
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steady state values which were dependent on the 
amine concentration. Tables I] and III summarize 
the data obtained in the polarization work. Data 
were obtained also at 40 and 70 milliamperes for both 
anodic and cathodic polarization but these results 
were much more erratic and are not included here. 


Decomposition Potential Measurements 


A series of decomposition potential measurements 
(applied voltage versus current) were made in 1.0N 
H.SO,. Fig. 8 shows the effect of concentration of 
n-octyl amine on the decomposition potential curves 
using « platinum anode and a platinum cathode. 
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The amine had no effect until the region of de- 
composition potential was reached, at which time 
the current rise was retarded by the presence of the 
amine. Increasing concentration of amine increased 
the effect. The presence of the amine retarded the 
formation of either Hs or Os (since the effect did 
not appear until after the decomposition of water 
began as evidenced by the evolution of hydrogen 
and oxygen). Curves for steel coupons as both anode 
and cathode are given in Fig. 9. The residual current 
portion was very narrow and the current rose much 
more rapidly than when platinum electrodes were 
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Fig. 11. Variation of current with cell voltage using a 
steel anode and platinum cathode. 


used. In addition, with steel, values 10 times as high 
were attained for equal voltages. Again the presence 
of an amine retarded the current rise. At about 2 
volts the current decreased rapidly with increasing 
voltage. This was apparently because of passivation 
and the beginning of oxygen evolution (18). 

These experiments were repeated using a platinum 
anode vs. a steel cathode (Fig. 10) and a steel anode 
vs. a platinum cathode (Fig. 11). Using steel as the 
cathode, the curves were essentially the same as 
when platinum was used as both the anode and 
cathode. Using steel as the anode, the curves were 
essentially the same as when steel was used as the 
anode and cathode. 
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DiscusSION 

The experiments just described show that the 
addition of amine inhibitors causes the electrode 
potential of steel to become more noble in an acid 
solution. This shift increased with increasing mo- 
lecular size and concentration of inhibitor. The in- 
creasingly cathodic potential may be ascribed partly 
to a decrease in solution tendency of the most 
anodic portions of the surface. This could occur by 
“partial oxidation” of the active atoms by displace- 
ment of electrons toward the positive amine mole- 
cules, thereby decreasing the tendency for flow of 
current into the metal and thus forming a more 
nearly homogeneous metal surface. Leveling off of 
the curves indicates that essentially all of the Lang- 
muir sites have been filled. From the desorption 
data, it appears that a portion of the surface has 
irreversibly adsorbed the inhibitor. Cavallaro (6) 
reported similar residual effects when his polarized 
coupons were transferred from inhibitor to inhibitor- 
free solutions. This portion of the surface pre- 
sumably consists of the anodic sites since the largest 
potential increments come with the lower amine 
concentrations. In nearly all cases, a much larger 
percentage of the potential rise remained on desorp- 
tion after immersion at the lower concentrations 
(Fig. 1 and 2). The reason possibly lies in the sub- 
microscopic roughness of the surface of the metal. 
Undoubtedly, considerable bridging occurs and a 
large part of the metal surface is blocked. Trurnit 
(19) reached such a conclusion on the basis of a 
series of interesting experiments in which mono- 
layers were transferred from a liquid to a metal 
surface by dipping at constant surfaces pressure. 
For lower surface pressures, and likewise concentra- 
tions, the transferred layer could not be completely 
removed by re-immersion although complete removal 
was possible when starting with high surface pres- 
sures. These effects due to surface roughness should 
disappear if the system remained static until com- 
plete equilibrium was attained. A more fundamental 
change may have taken place, however, but what it 
could be is not yet clear. In any event, the effect 
might be important in practical corrosion problems, 
for example, where there are flow processes involved. 

The polarization studies bear out the earlier pre- 
dictions that the electrode potentials of both anodic 
and cathodic areas are affected by the addition of 
inhibitors. Although the data were not smooth, the 
change in the noble direction appeared to be de- 
pendent on the inhibitor concentration in both cases. 
Hoar (5) has stated that the ratio of anodic to 
cathodic effect is greater at higher inhibitor con- 
centrations. Calculations show that a similar effect 
may have been found here. 

The decomposition potential curves do not ade- 
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quately separate anodic and cathodie effects, but 
the similarity of Fig. 8 and 10 and of Fig. 9 and 11 
indicate that electrode processes of steel polarized 
either anodically or cathodically are affected by the 
presence of amines. 

If the processes postulated are true, for maximum 
reduction in metal reactivity, it seems necessary to 
find compounds and conditions whereby the surface 
remains equipotentialized to the greatest extent even 
after desorption. 


CONCLUSIONS 

The effects of adsorption and desorption of a series 
of amines on the electrode potential of steel in tap 
water and in acid solutions were studied by de- 
termining electrode potentials of steel coupons. It 
was shown that increasing inhibitor concentrations 
caused the steel coupons to assume more noble 
potentials. The change in potential was taken to be 
a measure of the extent of adsorption. Desorption 
experiments showed that only a portion of the ad- 
sorbate could be readily removed indicating that at 
least two types of adsorption process occurred. 
Polarization and decomposition potential studies in- 
dicated that both the anodic and cathodic areas 
were affected by the amines. It is postulated that 
the effect on the anodic surfaces may actually cause 
a decrease in solution tendency, whereas adsorption 
at the cathodic regions probably inhibits by means 
of diffusion, resistance, or overvoltage effects. 
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cium antimonates during the processing. 


INTRODUCTION 


The literature on calcium antimonates gives a 
rather confused picture of the possible compounds 
and their crystal structure, even though they have 
received considerable study. Two antimonates are 
reported, a metaantimonate having the formula 
CaSb.O, and a pyroantimonate having the formula 
CaSb,.0;. The literature on this latter material shows 
that either several forms may exist or that the 
compounds investigated were incorrectly identified. 
The present investigation was undertaken in an 
attempt to clear up some of the discrepancies appar- 
ent in the literature. It resulted from a study of the 
acid insoluble residues in calcium halophosphate 
phosphors. 

The earliest investigation of the calcium anti- 
monates, in which modern x-ray diffraction methods 
of determining crystal structure were used, is that 
by Natta and Baccaredda (1-4), who reported the 
results of studies of various naturally occurring min- 
erals, which approximated calcium pyroantimonate 
on analysis. In all cases, a cubic structure was ob- 
tained with slight variation from a lattice constant 
of 10.25 A. The fourth paper dealt with the syn- 
thetic preparation of calcium pyroantimonate. A 
mixture of antimonic acid and calcium nitrate was 
fused at a low temperature and finally fired to a red 
heat, but the final temperature was not specified. 
teaction started at 400°C and the product was a 
yellow powder with an apparent density of 4.30. 
The erystal structure was cubic with a lattice con- 
stant of a7 = 10.30; the density calculated from the 
crystal structure was approximately 25 per cent 
higher than the experimental values and this dif- 
ference was attributed to the fineness and imperfect 
condition of the experimental product. 





‘Manuscript received October 25, 1949. This paper pre- 
pared for delivery before the Cleveland Meeting, April 19 
to 22, 1950. 
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ABSTRACT 


A review of the literature on calcium antimonates reveals numerous discrepancies 
among results of various investigators, particularly in reference to the composition and 
crystal structure of calcium fluoantimonate and calcium pyroantimonate. A study of the 
preparation of these two compounds has been made and it has been established that 
Ca.Sb20; is orthorhombic. Calcium fluoantimonate has been synthesized for the first time 
and found to have the cubie structure of the mineral romeite. The probable formula is 
Ca,Sb,0u. Fs. Powder diffraction data are given for these two materials as well as for 
calcium metaantimonate. The behavior of antimony during the firing of caleium halo 
phosphate phosphors is discussed briefly with special reference to the formation of cal 


In an independent investigation of the crystal 
structure of romeite and schneebergite, Zedlitz (5) 
concluded that the composition of romeite was (Ca, 
Na, Mn)2 Sb2(O, OH, F);. His basis was the assump- 
tion that these materials are isomorphous with pyro- 
chlore for which the ideal formula is CaNaCboOgF. 
In Zedlitz’s structure, the presence of OH or F is 
essential and his formula for an ideal romeite is 
CaNaSb.O,OH, with 16 Na and Ca ions being sta- 
tistically distributed in the 16 ¢ positions of the Oj, 
(Fd3m) cubic lattice. 

The next investigation of calcium antimonates 
was made by Magneli (6) as part of a rather ex- 
tensive study of antimonates and arsenates. Calcium 
metaantimonate, prepared by reacting calcium car- 
bonate and antimony trioxide for 20 hours at 
1000°C, has the space group D} (C312). The unit 
cell contains 1 molecule of the compound with the 
edges being ay) = 5.22 and c = 5.01.2 The structure 
is built up of sheets composed of Sb.O.g groups 
between which the bivalent cations are inserted. 

In a second investigation by the Stockholm Insti- 
tute of General and Inorganic Chemistry, an x-ray 
analysis of calcium pyroantimonate was made as 
part of a study of the antimonates, columbates 
(niobates), and tantalates of calcium, strontium, 
and cadmium. In this paper by Brystrom (7), cal- 
cium pyroantimonate was reported to be ortho- 
rhombic. The sample studied was made by heating 
calcium carbonate and antimony trioxide in the 
required proportions for 15 hours at 1200°C, but 
supporting analytical data are lacking. The dimen- 
sions of the unit cell are a = 7.28, b) = 7.44, and 
c = 10.18. 

The. structure assumed for calcium pyroantimo- 
nate was that of weberite NasMgAIF;, and the 
paper contains an interesting discussion of the dif- 

* These parameters hold for the hexagonal] representation 
of the rhombohedral cell. 
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ference between the weberite and the pyrochlore 
structures. 

Three compounds were found to have the ortho- 
rhombic weberite structure, composed of sheets of 
Sb.O; groups, namely CasSb.07, SreSb.07, CdoSb207, 
while four compounds, namely PbeSb2O7, CarTa2O0;, 
Cd.Ta.O7, and CdsCb.O;, were reported to have the 
pyrochlore structure, composed of a three dimen- 
sional framework of X,O. groups, whereas X = Sb, 
Ta or Cb. 


IX PERIMENTAL 
Preparation of Calcium Pyroantimonate 


In the present investigation a reaction mixture was 
made by ballmilling in acetone suspension the theo- 
retical amounts of ep calcium carbonate and 
antimony tetroxide required for calcium pyroan- 
timonate. The antimony tetroxide was prepared by 
carefully controlled oxidation of ep antimony tri- 
oxide. The ballmilled mixture was dried at 100°C, 
and then fired in open porcelain crucibles for various 
times and temperatures. The resulting product was 
submitted to x-ray powder diffraction examination 
and the phases identified are shown in Table I 
together with per cent insoluble in nitrie acid.’ 

It is apparent that the reaction between calcium 
carbonate and antimony tetroxides starts at tem- 
peratures of approximately 800°C and goes to com- 
pletion at temperatures as low as 925°C. 

Since some unreacted material is apparently pres- 
ent, as shown by partial solubility in nitric acid, a 
preparation of higher purity was made by firing 
together calcium carbonate and antimony tetroxide, 
using a slight excess of calcium carbonate, at 980°C. 
The product was mortar ground and refired at 
1200°C to remove any unreacted Sb2O, by decompo- 
sition and volatilization. The refired material, which 
contained 1 per cent acid soluble material, was again 
mortar ground and leached in boiling 10 per cent 
hydrochloric acid to remove any unreacted calcium 
oxide. 

The crystal structure of the pyroantimonate pre- 
pared in this way is identical with the orthorhombic 
form of Bystrom and no foreign material was found 
in the x-ray examination. Table II lists the inter- 
atomic spacings and the intensity of the lines ob- 
served for this pyroantimonate, compared by 
Bystrom’s listing of intensities.‘ Bystrom reports: 
a = 7.28, bo = 7.44, c = 10.18, while we find ap 
= 7.28, b) = 7.43, c = 10.17, averaged from the 
spacings for our best sample. The powder obtained 
by this method of preparation is nearly white in 

Our standard test was treatment with boiling 10% nitric 
acid for 4 hour. Longer time of treatment did not change 
the results, 
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color with a slight yellowish undertone. It is in- 
soluble in boiling dilute hydrochloric or nitric acid, 
but may be dissolved in concentrated sulfuric acid 
at its boiling point. The analysis of the product was 


TABLE LI. Calcium pyroantimonate 


ues 0%, Insoluble | Phases found by x-ray 
: in HNO; 
ature CaeSbeO7 CaSb206 SboO; 
“C 
593. | No test | None | None Very strong 
704 No test None None Very strong 
815 56.8 Weak None Strong 
871 74.1 No test No test No test 
927 92.6 Very strong | None None 
1038 93.2 No test No test No test 
1004 No test | Very strong Weak None 


TABLE II. Powder diffraction patterns on CazSb.0; 


| Indexed lines of present data 


h, k,l Bystrom® intensity 

d (kx units) Intensityt 
O01 . 10.05 0.4 
O11 5.97 0.7 
110 - 5.19 0.6 
oa M 3.633 0.5 
211 M 3.105 0.4 
012\ W - 7 
103 
(22 V8. 3.009 0.9 
202 VS. 2.960 0.9 
220 Ss 2.607 0.6 
004 M 2.551 0.4 
130 V.W. 2.351 0.1 
310 V.W. — 
114 V.W. 2.290 0.1 
132 W 2.132 0.1 
312 W+ 2.106 0.2 
231 ‘ 
osst M 2.009 0.4 
O15 7. _— 
040 M 1.867 0.4 
400 . ve 
994/ Ss 1.824 1.0 


* Bystrom does not list d values. 
+ Arbitrary scale, not comparable to ASTM scale. 


made by dissolving in concentrated sulfuric acid 
and using the usual oxalate precipitation for calcium 
content and a titration method for the antimony 
content. 

The results of the analyses were: 


Theoretical! 


Experimental for CasSb0: 


Ca 18.6 18.40 
Sb 56.6 55.89 
O (by difference) 24.8 25.71 
Density 4.97 5.19 
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Preparation of Calcium M etaantimonate 


Calcium metaantimonate was also prepared from 
cp calcium carbonate and antimony tetroxide, ball- 
milled together in acetone. A study was first made of 
the reaction rates, as for calcium pyroantimonate, 
by firing mixtures at various temperatures as shown 
in Table II]. Here reaction starts at 800°C with the 
formation of the pyroantimonates and on the basis 
of solubility is complete at 925°C, but the x-ray 
diffraction patterns indicate that the pyroantimo- 
nate, which is an intermediate product, persists up 
to 1100°C. We have not been able to prepare a 
calcium metaantimonate which does not contain a 
little pyroantimonate as a contaminant. 

A high purity preparation was made by using a 
slight excess of antimony tetroxide and firing twice, 
at 985°C and 1200°C, with mortar grinding between 
firings. The resulting product was leached with hy- 


TABLE III. Calcium metaantimonate 


, ; Phases found by x-ray 

Firing % Insoluble 
temp in HNO; 

Ca:SbeO; | CaSb:0._ | SboOx 
me 
593 No test None None V. strong 
704 No test None None V. strong 
815 76.1 V. weak None Strong 
927 99.5 Med. Med. None 
1038 99.3 No test No test | No test 
1094 No test Weak V. strong None 


drochloriec acid before examination, 0.5 per cent of 
acid soluble material being removed. The powder 
diagram of this product is free of extraneous lines 
except for those due to pyroantimonate and is in full 
agreement with Magneli’s structure as shown in 
Table LV. All of the lines present could be accounted 
for when indexed by the Davey charts and the 
observed intensities agreed reasonably well with Mag- 
neli’s reported intensities for calcium metaarsenate. 
Magneli gives no d values for any compound studied. 

The powder is almost pure white and is soluble 
in boiling 98 per cent sulfuric acid. The analysis 
shows: 


Theoretical 


Experimental for CaSb20s 


ee : 11.6 10.56 
Sb 63.5 64.15 
(by difference) 24.9 25.29 
Density 5.65 5.29 


Preparation of Romeite Type Antimonates 
From Zedlitz’s discussion of the structure of 
romeite it appears that the presence of fluoride or 
hydroxyl ions is necessary to formation of a romeite 
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type antimonate. To eliminate the possibility that it 
might be a modification stable at a different tem- 
perature, samples of the pyroantimonate were held 
16 hours at 700°C and for 1 hour at 1250°C. No 
change in the powder diffraction pattern was ob- 
served in either case. 

Acting on the assumption 
type pyroantimonate 


that a romeite 
has the chemical formula 


Ca.Sb.O0¢F, a mixture of calcium carbonate, calcium 
TABLE IV. Powder diffraction patterns on CaSb,0.¢ 


Magneli CaAsoOs Present indexed lines of CaSb2Os 


h, k,l Intensity d (kx units) Intensity* 
00.1 4.99 0.9 
10.0 4.49 0.5 
10.1 VS 3.353 0.9 
11.0 | S 2.614 0.7 
00.2 W 2.503 0.3 
11.1 S 2.322 0.8 
10.2 | ~~ 2.191 0.2 
20.1 S 2.062 0.6 
11.2 VS. 1.811 1.0 
21.0 a A 1.713 0.2 
00.3 : 1.681 0.3 
20.2 W 
21.1 Ss) 1.622 0.6 
10.3 M 1.568 0.4 
30.0 S 1.512 0.6 
30.1 M 1.448 0.5 
11.3 M 1.409 0.5 
21.2 V.W. 

20.3 M 1.347 0.4 
22.0 | M 1.309 0.4 
30.2 M 1.296 0.4 
3.1 | 1.269 0.4 
00.4 | W 1.256 0.3 
Magneli 
Hex. parameters Present CaSboOc 
CaAs20c CaSb206 
ie ce>s 4.814 5.222 5.224 
A 5.069 5.010 5.015 


* Not on ASTM scale. 


fluoride, and antimony trioxide in 
amounts for the 


stoichiometric 
equation 
3CaCO; + CaF, + 28b.0; + 3/2 Oz 

— 2CaSb.0-.F + 3CO, 
was ballmilled in water. The dried mixture was held 
for 1 hour at 500°C, and then portions were fired. 
The amount insoluble in nitric acid and the x-ray 
identification of the phases present are shown in 
Table V. 

It seems apparent from this test that a romeite 
type lattice is formed when one of the oxygen atoms 
of calcium pyroantimonate is replaced by fluoride 
and that the reaction progresses at lower tempera- 
tures than those required for the formation of the 
normal antimonates. 
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To follow the preferential reaction of the three 
component. mixture, a series of samples was prepared 
using a variable amount of caleium fluoride, con- 
stant amount of calcium carbonate, and an excess of 
antimony trioxide sufficient to give the metaantimo- 
nate. These mixtures were ballmilled and fired at 
500°C for 1 hour and then for 1 hour at 1040°C. 
The results for this series are found in Table VI. 


TABLE V. Romeite type pyroantimonate, containing fluorine 


Firing temp : INOS | Phases identified 
™ 
800 93.0 Romeite Ay = 10.33 
900 95.2 tomeite Ag = 10.33 
1000 95.7 tomeite Ag = 10.33 


TABLE VI. Romeite type antimonates 


Mole composition 


Phases found by x-ray 
of mixture - y . 


Insoluble 


= in HNOs 2 
s Png =) ZB Romeite CaSb20¢ Sb20% 
515 | & 5 
1.0 0.5 4.0 98.8 None Medium | Strong None 
1.0 ) 4.0 98.1 None Medium | Strong None 


1 .( 
1.0 1.5 4.0 94.8 None Very Medium None 
strong 
1.0 | 2.0 4.0 96.4 None Medium Strong Very 


weak 


TABLE VII. Romeite type antimonates 


Mole composition of mixture Phases found by x-ray 


Insoluble 


CaCOs CaF2 Sb204 in HNOs Ca2Sb207 Romcite 
2.1 0.0 1.0 75.8 Strong None 
2.0 0.1 1.0 84.3 Strong None 
1.9 0.2 1.0 86.0 Mixture of 
both 

1.8 0.3 1.0 80.5 Trace Strong 
1.7 0.4 1.0 79.4 None Strong 
16 | 0.5 1.0 77.9 None Strong 


It is obvious that any pyroantimonate formed is 
converted into the romeite type antimonate or into 
the metaantimonate. It is also obvious that both 
of these latter materials can coexist and that the 
fluoride ion either does not enter the metaantimonate 
lattice or else does not affect the lattice spacing if it 
does enter the erystal structure. 

, these experiments show that replacement of one 
oxygen atom is sufficient to convert the pyroantimo- 
nate to a romeite type lattice. To test the possibility 
that only partial replacement was needed, mixtures 
were made of calcium carbonate, calcium fluoride, 
and antimony tetroxide in which the total calcium 
was sufficient to form the pyroantimonate while the 
fluorine varied from zero to one atom per molecule. 
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These mixtures were fired at 1000°C, acid leached, 
and examined by x-ray powder diffraction methods 
with results shown in Table VII. : 

It is again evident that fluoride increases the 
speed of reaction and that romeite is preferentially 
formed at 1000°C but that the reaction is incom- 
plete. The absence of CasSb.O7 when the CaF, con- 
tent is 0.3 or 0.4 mole may be due to the possibility 
that formation of the romeite structure requires 
less than one atom of fluorine per molecule, but it 
is more probable that a very fine Ca,Sb.O7 was 
formed giving a diffuse x-ray pattern which was not 
detectable. 


TABLE VIII. Romeite type antimonates 


Mole composition of 
mixture 


or 


; X-ray identification on acid insoluble 
Insoluble ’ . 


in HNO portion 
CaCOs) CaFe | SbeO; 


0.5 1.0 92.4 


& Romeite, fair pattern 
‘3 1.0; 1.0 98.9 


Romeite, excellent pattern 


TABLE IX. Analyses of Romeite type antimonates 


Sample No. 36C 62L 
X-ray pattern ; Good Excellent 
ices 10.33 10.30 
% Ca. acre 19.2 18.5 
% Sb.. : - 55.8 56.6 
%F ews i 4.1 4.5 
% O (by difference).... i acltcs 20.9 20.4 
Equiv. atoms Ca aatia 2.08 2.00 
Ee ie terme 2.00 2.00 
SO : 0.94 1.03 
ae wee 5.70 5.50 
Density observed 4.79 4.94 


Two further preparations were made by ballmilling 
calcium carbonate, calcium fluoride, and antimony 
tetroxide. These were fired at 985°C, mortar ground, 
and refired at 1175°C to volatilize excess antimony 
oxide. 

It is apparent that an excess of calcium fluoride 
gives a romeite with a well defined crystal structure. 
Table LX gives the chemical analysis of two romeite 
samples made by different procedures and Table X 
gives powder diffraction data on Sample 62L. 

While there is still some uncertainty about the 
exact composition of fluoromeite, we believe that 
sample 62L most nearly approaches the true com- 
pound and from the analytical data the chemical 
formula should be CaSb,O;,F». 

Attempts were made to prepare hydroxyromeite 
by firing together calcium hydroxide and antimony 
trioxide and to prepare chlororomeite by firing to- 
gether calcium chloride, calcium carbonate, and an- 
timony trioxide. In both cases the x-ray examination 
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showed only the normal calcium pyroantimonate 
structure. 


Method of Analysis 


Calcium antimonates can be brought into solution 
by a fuming sulfuric acid attack using K,SO, to raise 
the boiling point and using carbon reduction of the 
antimony. The sample was*placed in a 250 ml 
Kjeldahl flask together with filter paper, 20 ml of 
concentrated sulfuric acid, and 15 grams of potassium 
sulfate. The mixture was heated until a water white 
solution remained, the heating being stopped as 
soon as the solution cleared. Excessive treatment 


TABLE X. Powder diffraction pattern of fluoromeite 


d Intensity, arbitrary scale 

kx unils 

5.873 0.7 
3.095 0.7 
2.960 1.0 
2.564 0.6 
2.359 0.1 
1.979 0.5 
1.820 0.9 
1.739 0.5 
1.569 0.4 
1.552 0.8 
1.487 0.5 
1.442 0.4 
1.342 0.5 
1.290 0.4 
1.188 0.1 
1.180 0.6 
1.151 0.6 
1.130 0.3 
1.079 0.3 
1.050 0.6 
1.034 0.3 
0.986 0.6 


of antimony with fuming sulfurie acid is reported 
to convert Sb™ to Sb* but our results show that this 
conversion is not rapid. 

The solution was cooled and diluted by pouring 
into 200 ml of water and was now ready for either 
antimony (10) or calcium (11) determination. 

The fluorine in calcium fluoantimonate was de- 
termined by means of a double distillation (12). 
The sample was placed in an all glass distilling 
apparatus with 100 ml of 1:1 sulfuric acid and 15 
grams of potassium sulfate. The mixture was dis- 
tilled until 75 ml distillate collected. At the end of 
the distillation the solution was perfectly clear in- 
dicating the attack was complete. The distillate 
was then redistilled, using steam distillation, after 
10 ml of perchloric acid had been added. This dis- 
tillation was continued until 150 ml had collected. 
The distillate was neutralized to a phenolphthalein 
end point with sodium hydroxide and adjusted to a 
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volume of 250 ml. To a 50 ml aliquot alizarin red 
S indicator (0.1%) was added, and N/10 hydro- 
chloric acid until the solution became yellow, 
followed by the addition of 1 ml of 0.4M acetic 
acid. The fluorine was titrated with thorium nitrate 
solution (13) (standardized with a known pure 
sodium fluoride solution) until a pink color was 
obtained. 


Discussion OF RESULTS 
Calcium pyroantimonate is readily 
the reaction of calcium carbonate or 
droxide with antimony tetroxide with 
going early to completion at 925°C. The x-ray 
diffraction pattern agrees with that reported by 
Bystrom and the chemical analysis is in reasonable 
agreement with the formula CasSb.O7. The observed 
density is somewhat below the theoretical density. 
There seems to be little doubt that all the antimony 
is in the pentavalent state and that Bystrom’s struc- 
ture is plausible. 


prepared by 
calcium hy- 
the reaction 


In the preparation of calcium metaantimonate 
from calcium carbonate and antimony tetraoxide, 
the pyroantimonate is an intermediate compound 
and it has proved almost impossible to obtain com- 
plete elimination of this material. The reaction to 
form the metaantimonate requires a higher tem- 
perature, about 1050°C, before conversion is com- 
plete. The chemical analysis agrees well with the 
formula CaSb.O. and all the antimony is in the 
pentavalent state. The x-ray diffraction pattern is 
in good agreement with the rhombohedral cell sug- 
gested by Magneli, although the observed density 
is somewhat above the theoretical value calculated 
from the cell dimensions. 

Calcium fluoantimonate (fluoromeite) is obtained 
by the reaction of antimony tetraoxide with a mix- 
ture of calcium carbonate and calcium fluoride. The 
reaction approaches completion at 825°C and fluo- 
romeite is formed in preference to either pyroanti- 
monate or metaantimonate. 

The maximum amount of fluorine found by an- 
alysis is slightly over 1 atom for each 2 atoms of 
antimony or calcium, while equal numbers of eal- 
cium and antimony atoms are present. The amount 
of oxygen present is definitely below that needed to 
satisfy the valence of pentavalent antimony and we 
believe that fluoromeite has the composition: 


( ‘agSbolSI 10 ( dirk’ 


The composition given would invalidate the strue- 
ture assumed by Zedlitz, which is based on penta- 
valent antimony and would suggest a closer relation 
to the structures suggested by Dihlstrom (8, 9) 
for antimony tetroxide and its hydrate, in both of 
which part of the antimony is trivalent and part 
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pentavalent. However, the present analytical data 
are not felt to be sufficiently precise to establish the 
composition with the definiteness needed for struc- 
ture determination work and no hypothesis on the 
arrangement of the atoms in the crystal will be put 
forth. 

Calcium hydroxyantimonate (romeite) has not 
been obtained in the present investigation, but it is 
believed that it could be synthesized by the reaction 
of an active calcium oxide and antimonic acid at a 
low temperature following the procedure of Bac- 
caredda. We believe that this compound also has a 
definite composition with OH replacing the F of 
fluoromeite, giving CaySb,O, (OH). with two anti- 
mony atoms being trivalent and two pentavalent. 


BEHAVIOR OF ANTIMONY OXIDE IN CALCIUM 
HALOPHOSPHATE 


As mentioned in the introduction, the presence of 
insoluble residues in calcium halophosphate phos- 
phors motivated this study of calcium antimonates. 
Calcium pyroantimonate is not formed during phos- 
phor preparation while fluoromeite and calcium 
metaantimonate are formed only as incidental steps 
in the complex chemical reactions taking place dur- 
ing the firing. Their presence is not necessary to 
phosphor development, although most methods of 
phosphor manufacture result in their formation. 

In making these phosphors, the antimony, which 
is essential as an activator, is generally added as 
antimony trioxide, while the other ingredients in- 
clude relatively large amounts of calcium fluoride 
and calcium carbonate, as well as calcium phosphate. 

The following paragraphs describe a working hy- 
pothesis on the behavior of antimony in calcium 
halophosphates. Data to substantiate the reactions 
are not sufficiently complete to present at this time, 
but all experimental data obtained agree with the 
theories proposed. 

As the temperature of the mixture gradually in- 
creases during the firing of the phosphor, antimony 
trioxide begins to oxidize to the tetraoxide at 450°C 
with the oxidation being complete below 520°C. 

The tetraoxide then reacts with the large excess 
of calcium fluoride and calcium carbonate in the 
phosphor mixture, with the formation of fluoromeite. 
This reaction starts below 700°C and is completed 
at 875°C, the formation being apparently catalyzed 
by the other components of the phosphor mixture. 
Practically all the original antimony becomes 
converted into this acid insoluble compound and 
only a trace goes directly into the halophosphate 
lattice or into calcium metaantimonate. 


The development of good fluorescence in the 
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calcium halophosphate phosphors seems to require 
the presence of a certain amount of acid soluble 
antimony, which our tests indicate to be trivalent 
rather than pentavalent. This soluble antimony 
results from reactions at higher temperatures be- 
tween the antimonates and the phosphates. 

As a first step, the fluoromeite reacts with other 
components of the phosphor being converted into 
a mixture of acid insoluble calcium metaantimonate 
and the acid soluble form of antimony which is 
believed to be in solid solution in the halophosphate 
lattice, probably substituting for calcium. By con- 
tinued heating some or all of the calcium meta- 
antimonate also is converted into this type of acid 
soluble antimony, with the balance remaining as a 
separate phase. 


SUMMARY 

Previous work on calcium pyroantimonate and 
‘calcium metaantimonate has been confirmed and 
x-ray powder diffraction for these two materials 
have been obtained. The hypothesis of Zedlitz that 
fluoride or hydroxide is an essential constituent of 
romeite has been confirmed for the fluoride ion and 
fluoromeite has been synthesized. It is apparently a 
compound of definite composition and a formula has 
been suggested. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1950 issue of the 
JOURNAL. 
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A Study of the Mechanism of Sensitized 
Luminescence of Solids' 


JAMES H. ScHuLMAN, Rosert J. GINTHER, AND CLIFFORD C. Kick 


Crystal Branch, Naval Research Laboratory, Washington, D. C. 


ABSTRACT 


Reflection, excitation, and emission spectra of CaSiO;:(Pb)and CaSiO;:(Pb + Mn) 
are reported, as well as measurerhents of the dependence of luminescence intensity on 
exciting intensity for CaSiO;: (Pb + Mn) and NaCl:(Pb + Mn). It is shown that the data 
support the conventional concept of sensitization, where all the ultraviolet absorption 
is due to the sensitizer, and that Butler’s picture, where the activator absorbs ultra- 
violet, is invalid. An interpretation of the data on the CaSiO;:(Pb + Mn) system is pro- 


* 


posed, and the distance over which Pb*? 


lated on the basis of this interpretation. 


INTRODUCTION 


The sensitized luminescence of phosphors, first 
discovered by Rothschild (1), has recently been the 
subject of a number of investigations (2-8). The 
interest displayed in these systems is due partly to 
the practical applications found for some of them 
and partly to the theoretical problems they raise 
concerning the transport and transfer of energy. 

With but one exception, all the recent investi- 
gations of this subject assume that the mechanism 
of sensitized luminescence in solids is roughly analo- 
gous to that in gases, i.e., that the incident radiant 
impurity and 
then transferred to the emitting impurity or ‘‘acti- 
vator.”’ 


‘ , 


energy is absorbed by the ‘‘sensitizer’ 


A contrary opinion is held by Butler (9). He pos- 
tulates a configuration coordinate diagram for the 
activator which requires absorption of a far ultra- 
violet quantum to produce excitation of the activa- 
tor from its ground state, A°, to some higher state 
A*, at normal temperatures and in the absence of 
sensitization (Fig. 1). His picture of sensitization is 
the following: Vibrational energy is lost to the crys- 
tal lattice by the sensitizer following light absorption 
or emission by this impurity. The vibrational energy 
imparted to the lattice is assumed to shift the posi- 
tion of the activator on its configuration coordinate 
diagram. It is proposed that this shift then enables 
the transition A° — A* to occur by absorption of a 
less energetic ultraviolet quantum, say in the same 
spectral region which causes excitation of the sensi- 
tizer. This picture thus requires that the activator 
itself directly absorb exciting ultraviolet radiation of 
the same, or nearly the same, frequency as that ab- 

' Manuscript received December 9, 1949. This paper pre- 
pared for delivery before the Cleveland Meeting, April 19 
to 22, 1950. 
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interact in this phosphor is caleu- 


sorbed by the sensitizer, absorption in the sensitizer 
serving only to “trigger” the activator absorption. 
It follows from this picture that (a) the luminescence 
intensity should vary with the square of the intensity 
of exciting ultraviolet light at low values of the 
latter, and (b) if the concentration of sensitizer ions 
is kept constant, incorporation of the activator in 

















EXCITED STATE A* 
j 
ENERGY 
NORMAL STATE A° 
(1) 
(2) 
y 
x 
INTERATOMIC SPACING 
Fic. 1. Mechanism of sensitized luminescence according 


to Butler. (1) Transition A° 
requiring far ultraviolet quantum, (2) transition A 


>» A* in absence of sensitizer 
» A* 
in presence of sensitizer requiring less energetic ultraviolet 
quantum. 2 — y = shift of activator position due to absorp 
tion or emission by sensitizer. 


the crystal should increase the concentration of ab- 
sorbers by a factor calculable from the quantum ef- 
ficiency of the activator luminescence. In contrast 
to this, the generally accepted view—that there is 
no direct absorption of radiation by the activator, 
and that all the ultraviolet absorption is due to the 


sensitizer—predicts: (a) a linear dependence of 
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luminescence intensity on the intensity of exciting 
ultraviolet, and (b) no dependence of the number of 
absorbers on the activator concentration. 

Besides these basic differences in the interpretation 
of the elementary mechanism of sensitized lumines- 
cence, there are other questions concerning this 
phenomenon that call for an answer. Among the 
most important of these is the question of the maxi- 
mum distance over which interaction (or energy 
transfer) between the sensitizer and the activator is 
possible. The main result of the present investigation 
is the calculation of this distance for the CaSiO,: 
(Pb + Mn) phosphor, confirming an earlier hy- 
pothesis that the Pb and Mn must be near neighbors 
in the lattice (2, 3) before energy transfer is pos- 
sible. 

EXPERIMENTAL 
Luminescence Intensity vs. Exciting Intensity 

As mentioned above, analysis of Bulter’s proposal 
shows that the intensity of the activator emission 
should depend on the square of the exciting ultra- 
violet intensity, in the limit of low exciting intensity. 
We have accordingly measured this dependence for 
CaSiO;:(Pb + Mn) and NaCl:(Pb + Mn)? which 
have been shown to be Pb-sensitized Mn-activated 
phosphors (3, 8). The exciting source was a low- 
pressure Hg-discharge lamp equipped with two 
standard-thickness Corning 9863 filters to cut out 
visible light from the lamp. The lamp was dia- 
phragmed so that only a 1 cm? section was effective 
as a source. Variation in ultraviolet (2537 A) in- 
tensity was accomplished by means of the inverse 
square law, the lamp aperture being treated as a 
point source. Luminescence of the phosphors was 
measured by a conventional 1P21 photomultiplier 
and galvanometer arrangement, a red filter (Corning 
#% 2424) being used in front of the phototube. As 
shown in Fig. 2, the dependence of luminescence 
emission intensity on exciting intensity was found 
with both phosphors to be very accurately linear 
down to the lowest levels of luminescence emission 
(i.e., of exciting intensity) that we could measure.’ 
This result shows that Butler’s proposed mechanism 
of sensitization is untenable. 


* The CaSiO;:(Pb + Mn) phosphors were prepared by 
the method of Merrill and Schulman (3). The powdered 
NaCl:(Pb + Mn) phosphors were prepared by the precipi- 
tation method of Schulman, et al. (8). 

* Botden and Kroeger (5) report also that the lumines- 
cence intensities of CaSiO;:(Pb + Mn) and Ca;(PO,4)2:(Ce 
+ Mn) do not depend quadratically on the exciting in 
tensity, which observation they use as evidence against 
transfer of the energy from sensitizer via the base lattice to 
the activator. 
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Absorption and Luminescence of CaSiO;:Pb 


In order to obtain information about the spatial 
separation of the sensitizer and activator in CaSiQ,: 
(Pb + Mn) extensive absorption and excitation 
measurements were undertaken with systematic 
variations in Pb and Mn content. A few such 
measurements have recently been reported (5, 16), 
but more comprehensive data were needed for our 
purpose. 

25 
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Fic. 2. Dependence of luminescence intensity on exciting 
intensity for CaSiO;:(Pb + Mn) and NaCl:(Pb + Mn). 

Information concerning the absorption of the 
phosphors was obtained by the reflection method. 
For the measurements, a Gaertner ultraviolet 
monochromator was used with a 1P28 phototube 
at the exit slit. Plaques of the various phosphors 
were placed before the entrance slit of the mono- 
chromator and irradiated by the light from a Beck- 


man hydrogen lamp. A plaque of MgCO;, smoked ’ 


with MgO, was used as a reference standard, and it 
was assumed to have approximately 100 per cent 
reflectance over the wavelength range studied, 
2200-4000 A (10). The reproducibility of the re- 
flectance data was found to be at worst + 10 per 
cent by repeated measurement on several different 
phosphor samples against a number of different 
plaques of MgCO,;. These error limits include 
variations in preparation of the plaques by different 
individuals. 
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It will be noted that the experimental arrangement 
employed in this work leads to error if the specimen 
emits luminescent light in the ultraviolet region 
being studied. The error arises from the fact that 
the sample is constantly being irradiated by the 
continuous ultraviolet from the H. lamp. Because 
of excitation by the short-wave ultraviolet present in 
the continuum, the sample. continually fluoresces 
during the measurement. The apparent reflectances 
exceeding 100 per cent observed in many of our 
curves are due to such luminescence. 





















































220 ) — 
200 -—— 
| * 
180 +—+ 
160 jn 
3 + a 
re |} e-| “J 
x 140 : —_——— ny 
Ww 
ad hed ip m-4 
als = 
9 as 
< 4 120 1 ——— 
re i 
o|°o | 
2 100 
S/o 
rat 
ole 
we 
“| 80 j__1__ 
rn O Pb 
= (.0002 Pb) 
60 (.0004Pb) 
(.0008 Pb) 
(.0015 Pb) 
40 — 
(.0035 Pb) 
(0046 Pb) 
20 (O27 Pb) —4 
| | 
| | 
i 1 
2200 2600 3000 3400 3800 


Fic. 3. Reflection speetra of CaSiO;:Pb phosphors 


Fig. 3 shows the results of reflectance measure- 
ments of CASIO;:Pb as a function of Pb concentra- 
tion.’ It may be seen that pure CaSiO; has only a 
feeble absorption over the spectral range investi- 
gated. The incorporation of as little as 2 « 107 
moles Pb/mole Ca produces a distinct reflection 
minimum (absorption peak) at 2350 A, and, at the 
same time, gives luminescence emission, as evi- 
denced by the apparent reflectances greater than 
100 per cent at wavelengths greater than about 2800 
A. Three such emission peaks appear in this lowest 
Pb sample, but we are inclined to question the 
apparent emission band structure in this sample 
because of the experimental errors involved. As the 

‘The Pb concentrations are noted in moles Pb/mole Ca 
Due to the volatility of Pb compounds, the Pb concentra 
tion in a fired CaSiO;:Pb preparation is always less than 
that in the unfired mixture (3, 4). The Pb concentrations 
given above are the actual values found by polarographic 
analysis of the final phosphors using a procedure to be de 
scribed elsewhere. 
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Pb concentration is increased to 4 X 10“, the 
2350 A grows somewhat 
deeper and the emission is correspondingly increased 


reflection minimum at 
in intensity. In this case, there appear to be quite 
definitely only two emission bands with peaks at 
2900 A and 3900 A, respectively. With further Pb 
concentration increase to 8 X 10~ moles Pb/mole 
Ca, the 2350 A reflection minimum is even deeper and 
the luminescence emission is very intense, consisting 
of two peaks as in the preceding case. Increase of 
Pb concentration to 1.4 X 10° Pb/Ca further 
deepens the 2350 A minimum, but the intensity of 
luminescence decreases, presumably due to the 
onset of concentration quenching. At 4.6 (10-*) Pb 

Ca there is a suggestion of the growth of a second 
reflection minimum at 2550 A in addition to a 
further deepening of the 2350 A minimum. In the 
2.7 X 10-* Pb/Ca preparation this new absorption 
minimum is even more strongly indicated, but it is 
still not well resolved. In this highest Pb-bearing 
sample the 2900 A emission peak is practically 
gone, probably as a consequence of the increased 
width of the new 2550 A absorption band. The 
3900 A emission peak is present, however, and there 
is a suggestion of a new emission peak in this sample 
near 3300 A. 

For the purpose of this work it was of interest to 
determine to what extent the depth of the re- 
flection minimum could be used as a measure of the 
number of absorbing centers. Urbach, Hemmen- 
dinger, and Pearlman (11) have derived an ap- 
proximate relationship between the reflection of a 
powdered ‘sample, its absorption coefficient, and 
its “‘scattering coefficient.” The relationship they 
have used:is 


a (1 — R)? 


a 2R 


where: a = absorption coefficient, ¢ = scattering 
coefficient, and FR is the reflection. They have shown 
that this relation gives good results with alkaline 
earth sulfide phosphors and other materials. Fig. 


t shows a plot of “ at 2350 A vs. Pb concentration 
oO 
for the CaSiO;:Pb samples described in Fig. 3. 


° ° 4° a. ° 
As is seen from Fig. 4, — is proportional to the con- 
o 


centration of Pb absorbers when this concentration 
is below 4 X 10-* Pb/Ca. Use will be made of this 
result in the discussion section of this paper. 

In order to check the deductions from the re- 
flection measurements concerning the emission 
spectra of the CaSiO;:Pb phosphors, direct. studies 
of the emission and excitation 


spectra of these 


phosphors were made. 
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Fig. 5 shows the emission spectra of three CaSiQ;: 
Pb phosphors of varying Pb concentration under 
2350 A excitation. It is seen that the emission under 
2350 A irradiation does indeed consist of two well- 
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Fic. 5. Emission of CaSiO;:Pb phosphors under 2350 A 
excitation. 





resolved bands peaking at about 2900 A and 3900 A, 
respectively. Fig. 6 shows the variation in emission 
spectrum of CaSiO;:0.0046Pb with variation in 
exciting wavelength. Excitation at 2350 A gives 
the two-band emission spectrum, while excitation 
at 2600 A, i.e., in the new 2550 A-peaked absorption 
band, gives essentially a single-band emission 
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spectrum. The peak of the 2600 A-excited emission 
lies at about 3400 A, almost coincident with the 
minimum between the two emission bands excited 


2 . . 
by 2350 A. Since there is an overlap between the 
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Fic. 7. Excitation spectra of CaSiO;:Pb phosphors 


2350 A and 2550 A absorption (and excitation) 
bands, it was of interest to see what sort of emission 
would be produced by 2537 A excitation. With 
sufficiently high Pb concentration the emission of 
CaSiO;:Pb under 2537 A excitation was very 
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similar to that under 2600 A, i.e., a single band 
peaking at 3400 A (cf. Fig. 6). In some samples of 
low Pb concentration, however, 2537 A excitation 
gave, in addition, the two-band emission spectrum. 

Fig. 7 shows the excitation spectra for the ultra- 
violet emission of a series of CaSiO;:Pb phosphors. 
As the reflection measurements had indicated, there 
are indeed two distinct excitation peaks, one at 
2350 A and the second at 2550-2600 A, the latter 
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ncreasing in prominence with increase in Pb con- 
centration. 

In summary, then, pure CaSiQ; is essentially 
transparent down to 2200 A. Introduction of Pb 
causes the appearance of a characteristic absorption 
peak at 2350 A. Irradiation into this band causes 
luminescence, the emission consisting of two well- 
resolved bands with peaks at 2900 A and 3900 A, 
respectively. Increase of Pb concentration increases 
the characteristic absorption and finally produces 
a second absorption peak at 2550 A, irradiation into 
which gives a single-band ultraviolet emission with 
a peak at about 3400 A. 


Effect of Manganese on the Absorption and 
Luminescence of CaSi0;:Pb 

The next question to be investigated was the 
effect of the Mn activator concentration on the 
absorption spectrum of CaSiO;:Pb. Results of this 
study are given in Fig. 8 for CaSiO; phosphors con- 
taining about 1.5.+ 0.2 &X 10-*Pb/Ca and mangan- 
ese concentrations up to 0.10 Mn/Ca. The sample 
containing no manganese has a reflection minimum 
at 2350 A and emits the double-peaked emission 
spectrum, as reported in the previous section. 
Incorporation of manganese reduces the depth of 
this minimum and causes the growth of a distinctly 
resolved second reflection minimum at about 2550 
A. With Pb/Ca = 1.6(10-*) and Mn/Ca = 0.02, 
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the 2350 A and 2550 A reflection minima are about 
equal; with Mn/Ca = 0.10 the 2350 A minimum 
has completely vanished as such, the absorption in 
this region being apparently due to overlap be- 
tween the 2550 A absorption band and the long- 
wave extension of a new absorption band (peak 
below 2200 A) which was not observed before and 
which was not further investigated. The depth of 
the 2550 A reflection minimum in the presence of 


Fig. 8. 


phosphors. 


Reflection spectra of CaSiO;:(Pb + Mn) 
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Fic. 9. Ultraviolet emission spectra of various CaSiO;: 
fo} ° 
(Pb + Mn) phosphors under 2350 A and 2537 A excitation. 


0.10 Mn/Ca is the same as the depth of the 2350 A 
reflection minimum of the manganese-free sample 
containing the same amount of lead. 

The ultraviolet spectra of various 
CaSiO;:(Pb + Mn) phosphors are shown in Fig. 
9. It is seen that 2350 A excitation calls forth the 
same double-peaked ultraviolet emission from a 
CaSiO,: (0.0014Pb,0.01Mn) phosphor as it does from 


emission 
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a CaSiO;:(0.0015Pb) phosphor containing no man- 
ganese. Increase of manganese concentration to 0.02 
Mn/Ca seriously reduces the intensity of the ul- 
traviolet emission, but the double-peaked spectrum 
is still recognizable. Excitation of CaSiO;: (0.0014Pb, 
0.01 Mn) at 2537 A, however, gives essentially a 
single-band ultraviolet emission peaked at about 
3400 A. This is almost identical with the behavior 
of ‘aSiOs:(Pb), containing sufficient Pb*? to bring 
out the 2550 A absorption band, when irradiated 
with 2537 A. 

Fig. 10 illustrates the effect of Mn+? concentration 
on the excitation spectra for ultraviolet emission 
of CaSiO;:(Pb + Mn). With low Mn** concen- 
tration there is a strong excitation peak at 2350 A 
(leading, of course, to the double-band ultraviolet 
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Fic. 10. Excitation spectra for ultraviolet emission of 
CaSiO;:(Pb + Mn) phosphors. 


emission) with a long-wave extension which may be 
the start of the 2550 A excitation band (leading to 
the single-band ultraviolet emission). With increase 
in Manganese concentration, the former excitation 
band decreases in height and the latter increases 
correspondingly. The overall intensity of the ultra- 
violet emission is decreased, however, by incor- 
poration of Mn**. At a Mn/Ca ratio of 0.10 (not 
shown) the ultraviolet emission could not be de- 
tected with our arrangement. 

The emission spectra of CaSiO;:(Pb + Mn) 
phosphors in the visible have already been described 
(3-5), hence it remained only to investigate the 
excitation spectra of these phosphors. The behavior 
is shown in Fig. 11. It is noteworthy that irradiation 
into the 2350 A absorption band does not excite the 
visible Mn**? emission; only irradiation into the 
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550 A absorption is effective in this regard. The 
550 A excitation band for the Mn+? emission of 
CaSiO;:(Pb + Mn) is identical with the excitation 
band for the 3400 A-peaked single-band ultraviolet 
emission of CaSiO;:(Pb) or CaSiO;:(Pb + Mn), 

The effects of Mn** on the characteristics of the 
CaSiO;:(Pb) phosphor are then as follows: (a) 
Excitation of CaSiO;:(Pb + Mn) in its 2350 A 
absorption band produces only the double-peaked 
ultraviolet emission obtained by similar excitation 
of CaSiO;:(Pb). (6b) Incorporation of Mn*?* acts like 
a simple increase in Pb*? concentration in that it 
calls forth a new absorption band at 2550 A. Ir- 
radiation into this band in CaSiO;:(Pb + Mn) 
yields both the single band 3400 A-peaked ultra- 
violet emission obtained by similar excitation of 


2 
9 
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Fic. 11. Excitation spectra for visible (yellow-orange) 
emission of CaSiO;:(Pb + Mn) phosphors. 


CaSiO;:(Pb) and, in addition, a yellow-orange 
emission, the latter being characteristic of Mn*?. 
(c) Increase of Mn*? concentration in CaSiQO;: (Pb 
+ Mn) differs from a simple increase of Pb* 
concentration in CaSiO;:(Pb) in that the 2550 A 
absorption band increases in intensity at the expense 
of the 2350 A band in the former case, while both 
the 2350 A and the 2550 A absorption band grow 
more intense in the latter case. 
DIscuSSION 
In this discussion we assume that the “‘scattering 
coefficient” o in the Urbach, Hemmendinger, and 
Pearlman relation 


a (1 — R% 


o 2k 


is constant over the wavelength range 2300-2600 A 
for the different phosphors we have investigated. 
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We also assume that the number of absorbers giving 
rise to a particular absorption band is proportional 


» 2 . ° 
to the value of — calculated from the reflection at 
oO 


the wavelength of peak absorption in that band. 
The bases for these assumptions have already been 
mentioned. 

It will be seen by reference to the reflection data 
of Fig. 8 that at constant Pb** concentration, the 
total number of absorbers in the 2350 A and 2550 A 
absorption bands is unaffected by changes in the 
Mn*? concentration. With no Mn**, all the ab- 
sorption is in the 2350 A band, while with high 
Mn*? concentration, practically all the absorption 
is in the 2550 A band. The depths of the reflection 
minima in these two limiting cases are equal, how- 
ever, showing that the total number of absorbers has 
remained constant. This is additional disproof of 
Butler’s mechanism of sensitization, it being im- 
possible to reconcile this mechanism with our experi- 
mental data without additional purely ad _ hoc 
assumptions. Our data confirm the generally ac- 
cepted idea that absorption of ultraviolet light in 
sensitized phosphors is performed entirely by the 
sensitizer and that the absorber energy is sub- 
sequently transferred to the activator or emitter, as 
in the sensitized luminescence of gases.® 


5 All previous writers (1-8) on sensitization of phosphors 
have considered the situation to be very similar to that 
existing in gases, i.e., that energy transfer occurs between 
an excited sensitizer ion and a near-by activat or ion. 
Jenkins, MeKeag, and Ranby (12) have recently suggested 
another interpretation involving ionization of the sensitizer 
and activator. Where previous writers assumed that direct 
excitation of the activator by ultraviolet absorption is not 
observed because it corresponds to a forbidden transition 
within the activator itself, Jenkins, cf al., assume that it is 
the direct transfer of an electron from the activator to the 
conduction band that is forbidden. Instead of assuming 
that absorption of ultraviolet by the sensitizer places this 
impurity in an excited state, Jenkins, ef al., assume that 
such absorption ionizes the sensitizer. In place of the 
assumption that energy transfer takes place by a process 
analogous to collisions of the second kind (overlap of wave 
functions of the excited states of sensitizer and activator), 
Jenkins, ef al., assume that this takes place by the following 
sequence: (a) the activator donates an electron directly to 
the ionized sensitizer, and (b) the activator captures an 
electron from the conduction band. From the view of 
Jenkins, et al., one might expect photoconductivity in the 
phosphor containing the sensitizer alone. We have failed to 
find such photoconductivity in NaCl:(Pb) under 2730 A 
excitation, which indicates at least that there is no reason 
to assume ionization of the sensitizer by absorption in its 
characteristic ultraviolet absorption bands. 

Botden and Kroeger (5) have already pointed out that 
the restriction on energy transfer is the same whether one 
assumes only excitation of the impurities or their ioniza 
tion. In both cases, sensitization requires proximity of the 
sensitizer and activator in order to make energy transfer 
possible. 
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We propose the following interpretation of the 
sensitized luminescence of the CaSiO;:(Pb + 
Mn) phosphor: The 2350 A-peaked absorption band 
in CaSiO;:(Pb) is due to the absorption of “‘singlet”’ 
Pb*?-ions, i.e., Pb*°-ions that have no other Pb* 
ions as neighbors.® 

The evidence for this is the occurrence of this 
absorption band at very low Pb*® concentrations, 
where practically all the Pb**-ions would be “‘sing- 
lets” if they were distributed randomly, replacing 
Ca**. The emission of “singlet”? Pb*? is excited only 
by absorption in the 2350 A band, and is a double 
band with peaks at 2900 A and 3900 A. The 2550 A 
absorption band in high Pb-bearing CaSiO;: (Pb) 
we assign to Pbt?-Pb*? “doublets” or 


aggregates of Pb*® -ions, i.e., 


higher 
centers consisting of 
a Pb* which has at least one other and perhaps 
several Pb**-ions in neighboring cation positions. 
The single-band emission peaking at 3400 A we 
ascribe to the ‘‘doublet’”’ Pb*? centers. Increase of 
Pb* concentration in CaSiO;:(Pb) increases both 
the number of Pb* singlets and the number of Pb* 
doublets, the rate of this increase varying with the 
concentration. Below 4 X 10“°Pb/Ca_ practically 
all the Pb**-ions are singlets, and the absorption 


- e ~ 4 Q@ ° ° 
coefficient at 2350 A (or rather — ) increases linearly 


with the Pb* concentration; above this concentra- 
tion ‘‘doublets” become increasingly important, 


° ° . a ar 4 
causing a nonlinear dependence of ( E: 50 A on 
Co 


> 


the Pb*? concentration and growth of the 2550 A 
absorption band. 

The 2350 A absorption band in CaSiO;:(Pb + 
Mn) we ascribe again to singlet Pb*-ions, and 
specify that these singlets have neither another Pb*? 
nor a Mn**-ion as a neighboring’ cation. The emission 
of singlet Pb*? in CaSiO;:(Pb + Mn) is the same 
double-banded emission as in CaSiO;:(Pb), and is 
excited only by the 2350 A band absorption. The 
2550 A absorption band in CaSiO;:(Pb + Mn) we 
ascribe to Pb*?-ions which have either a Pb** neigh- 
bor or a Mn* neighbor, i.e., Pbt+?-Pb*? ‘“doublets”’ 
or aggregates, or Pb*t?-Mn* “doublets” or ag- 
gregates. The ultraviolet emission of Pbt? in a Pb*?- 
Mn** doublet we assume is indistinguishable from 
that of Pb* in a Pb*#-Pbt? doublet, both con- 


® By a‘‘neighboring” position we mean a cation position 
near enough to the one in question so that there will be 
appreciable interaction between the two Pb‘? ions, re 
sulting in modification of the absorption energy. Positions 
in the nearest cation shell surrounding the given Pb*? 
would certainly be ‘“‘neighbors,’? and perhaps the second, 
third, or further shells might also be ‘‘neighbors’”’ in this 
respect. We leave open for the time being the actual number 
of cation sites effective as neighbors. 

7 See footnote 6. 
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sisting of the single band peaking at 3400 A. Ex- 
citation of this ultraviolet emission can occur only 
by radiation into the 2550 A absorption band. This 
is true likewise of the visible manganese emission, 
which can be excited only by absorption in Pb*?-ions 
that interact with Mn**, and not by the “isolated” or 
“singlet”? Pbt?. Our interpretation thus agrees with 
the conventional concept of sensitization in that, 
at a given Pb*? concentration, the total concentration 
of absorbing centers is thus independent of the 
manganese concentration, the absorbing centers 
being singlet Pb*?, Pb*? in Pb*?-Pb*? aggregates, 
or Pb*? in Pbt?-Mn* aggregates. At the low Pbt* 
concentration of the samples in Fig. 8, those Pb** 
-ions which are not singlets are principally Pb*- 
Mn* aggregates, and the absorption at 2550 A 
is due almost entirely to such groups. Increase in 
Mn* concentration decreases the number of singlet 
Pb**-ions, thus decreasing the 2350 A absorption 
band intensity; simultaneously an equal number of 
Pb*t?-Mn*? doublets are created, which increases 
the 2550 A absorption band intensity by an equal 
amount. 

We shall assume that there are K cation positions 
around a given Pb*® ion, such that interaction 
between a Pb*? and a Mn* can occur only if a 
Mn*-ion occupies one of the A sites. We assume 
this interaction is what causes modification of both 
the absorption and emission spectra of the Pb* 
and is the prerequisite for energy transfer between 
Pb* and Mn**. We now ask for an estimate of the 
value of K. 

For a random distribution of Pb**? and Mn+? 
replacing Ca**® in the crystal, the probability of a 
given Pb*?-ion having a Mn*? occupy a particular 
one of the ‘‘effective’ K sites is Xun, where Xyqp 
is the mole fraction of Mn** in the phosphor. The 
probability of a given Pb**-ion having no Mn* 
neighbors in any of the total AK effective sites is 
(1-Xyn)*, while the probability of its having at 
least one Mn? neighbor among these A effective 
sites is 1-(1-Xyn)*. 

When singlet Pb*?, Pb*?-Pb*? “pairs,” and Pb*?- 
Mn*? “pairs” are present, the ratio of the number 
of the Pb*? singlets to the number of Pb*+?-Mnt? 


“pairs’’ is 


N singlet Pb*? 


N pv? tag Pb+2-mn*t?2 


(1 — Xyn)® — (N ppt? as pot? ppt?) 
1— (1 — Xun)* 


At low Pb*? concentration and reasonably high 
Mn**® concentrations, the number of Pb**-Pb* 
pairs will be much smaller than the number of 
Pbt?-Mn*? pairs. Aithough, according to our in- 
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terpretation, both these types of centers give rise 
to the 2559 A-peaked absorption, the contribution of 
the Pb*?-Pb*? pairs to this absorption can be 
neglected in this case. We can then say 


N singlet Ph *2 


N Pb+2 as Pht+2_ygnt2 


(°) (2) os aso 
= 0 / 2350 A CaSiO3:(Pb+Mn) 0 / 2350 A CaSiOg 
(°) = al 
0 / 2550 A CaSiO3:(Pb+Mn) 0 / 2550 A CaSiOg 

( 


1 — Xyan)* 
1 — (1 — Xymn)* 

Using the data on the CaSiO,: (0.0016 Pb + 0.02 
Mn) phosphor, Fig. 8, where both the 2350 A 
and 2550 A reflection minima appear about equal, 
we have: 


=) 
0 / 2350 A CaSiO3: (0.0016 Pb+0.02Mn) 
a P 
— ( ) = 0.384 
0 / 2350 A CaSiOg 
a 
CO / 2550 A CaSiO;: (0.0016 Pb+0.02Mn) 
a 
7/2550 A CaSiOg 


Xn = 0.02 


Whence K = 28. 

A fairly good check for the above value of K is 
obtained using the data for CaSiO;:(0.0013 Pb 
+ 0.05 Mn) (Fig. 8), although here there is less 
accuracy in reading reflection at 2350 A. A similar 
check was obtained with CaSiO;: (0.00042 Pb + 
0.02 Mn).* 

From the value of K found above we may estimate 
that a Pb** -ion interacts effectively with Mn*?-ions 
situated in the first two neighboring rings of cation 
sites around the Pb**-ion, and consequently that 
energy transfer is possible over this distance. 


0.310 


We can suggest the following questions concerning 
our interpretation of the experimental data. We have 
assumed substitutional solid solution of Pb* 


5 A corresponding calculation can be made, in principle, 
for the value of K corresponding to a Pb**-Pb*? interaction 
in CaSiO,;:(Pb). We have not attempted such a calculation 
because of the much poorer resolution of the 2550 A reflee- 
tion minimum in CaSiO;:(Pb) compared to the resolution 
of this minimum in CaSiO;:(Pb + Mn) (ef. Fig. 3 and 8). 
Also, the apparent depth of the 2550 A reflection minima in 
CaSiO;:(Pb) may be subject to considerable interference 
from overlap of the nearby Pb*? emission band, which peaks 
at 2900 A but which extends to shorter wavelengths. With 
CaSiO;:(Pb + Mn) there is less likelihood of such inter- 
ference, for the ultraviolet emission from the Mn*?-bearing 
phosphor is less intense than from the Mn*?-free phosphor 
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and Mn*? for Ca**, but have given no reason why the 
Pb*? absorption and emission should be affected 
upon replacement of one divalent near neighbor, 
Cat®, by another divalent near neighbor, Mn*?. 
Nor have we given any reason why the effect of 
a Mn*? near neighbor should be the same as that of 
a Pb**-ion near neighbor on the absorption and 
emission spectrum of a given Pbt?-ion. With regard 
to the first question, we suggest that the difference 
between the effect of a Ca*® near neighbor vs. that 
of a Mn*? near neighbor on the energy levels of 
a Pb*?-ion is related to the fact that the Ca*?-ion has 
an inert gas configuration while the Mn*? has not. 
The same difference exists between the electronic 
configuration of the Pb*®-ion vs. that of the Ca*?-ion. 
The difference between ions of inert gas configuration 
and those of non-noble gas configuration has been 
pointed out by Fajans (13) and has been recently 
emphasized repeatedly in publications by Weyl 
(14). The assumed identity with respect to absorption 
and emission of a Pb*?-Pb*? configuration and a 
Pb*?-Mn*? 
data. It is 


configuration is forced upon us by the 

not unreasonable that the difference 
between a Pb**-Pb*? interaction and a _ Pb*?- 
Mn*? may be of a lower order of magnitude than 
the difference between either of them and a Cat? 
-Pb*? interaction, making it difficult to distinguish 
between the first two. 

Another objection that may be raised concerning 
our interpretation is that our picture assigns no 
influence to the difference in crystal structure which 
has been shown to exist (15) between CaSiO;:Pb 
and CaSiO;:Mn. We have confirmed the findings 
of Fonda and Froelich (15) that such differences 
CaSiO;:Pb having the a-wollastonite 
CaSiO;:Mn having the §-wollastonite 
CaSiO;:(Pb + Mn) may have 
the two structures depending on the 
relative amounts of Pb and Mn. In a recent pub- 
lication, Studer and Fonda (16) have ascribed dif- 
ferences in the excitation and emission spectra of 
various CaSiO;:Pb and CaSiO;:(Pb + Mn) phos- 
phors to this difference in structure, occasioned by 
different proportions in their phosphors and by 
differences in firing conditions. They also ascribe 


do exist, 
structure, 
structure, while 


either of 


some of the excitation and emission phenomena to 
a CasSiO, host structure which can be shown to be 
one of the first products of the reaction between 
CaO or CaCO; and SiQsz. 

We believe that the above structural differences 
have no appreciable effect on our results or our in- 
terpretation, for the following reasons: (a) Increase 
of Pb*? concentration in CaSiO;:Pb causes the 
growth of the 2550 A excitation band for the ul- 
traviolet Pb*? emission in addition to the 2350 A 
excitation band found at low Pb*? concentrations. 
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No structural change is produced by this increase 
in Pb*® concentration, the a-wollastonite structure 
being maintained at both low and high Pbt? con- 
centrations; (b) The ultraviolet emission excited by 
irradiation into the 2550 A band in high Pb*- 
bearing CaSiO;:Pb (a-wollastonite structure) is the 
same 3400 A-peaked emission excited by irradiation 
into the 2550 A band of Mn*?-bearing CaSiQs;: 
(Pb + Mn) (8-wollastonite structure); (c) In order to 
explain some of their results Studer and Fonda have 
to assume the existence of an ‘aggregate’? CaSiQ;- 
SiO. as a separate phase. There is no x-ray or other 
evidence for the existence of such a phase, nor is the 
structural nature of this “aggregate” defined in any 
way by them; (d) The assumption of a mixture of 
phases fails to explain the emission of a 3850 A 
band (equivalent to our 3900 A band) on irradiation 
of CaSiO;:Pb with 2288 A light (equivalent to our 
irradiation with 2350 A light). Studer and Fonda 
admit that x-ray examination showed only a-wol- 
lastonite in this phosphor, and the foregoing ob- 
servation is left completely unexplained; (e) Our 
preparations were made using 10 mole per cent 
excess SiOz, and PbF: as a catalyst. Firing was at 
1150° for 6 hours, followed by grinding and re- 
firing 6 more hours at 1150°. Under these conditions 
the existence of CaSiO, in the final product, as 
assumed by Studer and Fonda in their preparations, 
is extremely unlikely. 

Our final comments concern the calculations of 
Botden and Kroeger (5) on the efficiency of en- 
ergy transfer between Pb*? and Mn*? in CaSiQs;: 
(Pb + Mn) and between Ce and Mn in Ca;(PQO,)s: 
(Ce + Mn). The considerations advanced by these 
investigators are perfectly valid for the case where 
the introduction of the activator leaves the position 
of the sensitizer absorption band unchanged. In 
this case, there are the following possible dispositions 
of the absorbed energy: (a) return of the sensitizer 
to the ground state with emission of its character- 
istic luminescence; (b) radiationless return of the 
sensitizer to its ground state; (c) transfer of energy 
from sensitizer to activator followed by luminescence 
emission characteristic of the activator; and (d) 
transfer from the sensitizer to activator followed by 
radiationless dissipation of the energy by the 
activator. Processes (b) and (d) are indistinguishable 
to the observer. Calculations such as Botden and 
Kroeger make are, therefore, possible under these 
circumstances, it being necessary only to make the 
reasonable assumptions that: (1) ultraviolet ab- 
sorption occurs exclusively in the sensitizer ions; 
(2) all the sensitizer ions absorb regardless of their 
location in the lattice; (3) they can dissipate the 
absorbed energy by (b), or (ce) 
above; and (4) there is some restriction on process 


processes (da), 
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(c), for example, that only those Pb**-ions which 
have Mn*?-ions among their nearest cation neigh- 
bors can get rid of their energy by this process. 
The foregoing assumptions make it possible to 
caleulate a theoretical maximum efficiency — of 
sensitization in the case described. If there is a 
change in absorption spectrum upon incorporation 
of the activator, and if emission from the activator is 
produced only by irradiation into the new band, the 
a priori calculation of sensitization efficiency cannot 
be made on the foregoing basis. That this is the 
situation with regard to the Pb*? absorption and 
the Mn*? excitation in CaSiO; was unknown to 
Botden and Kroeger since their reflection measure- 
ments extended only to 2500 A. The disagreement 
between their calculated value and the observed 
sensitization efficiency in CaSiO;:(Pb + Mn) is, 
therefore, understandable, and their inference of 
preferential pair formation accordingly need not be 
resorted to. For Ca;(PO,)2: (Ce + Mn) their caleu- 
lation of sensitization efficiency (corrected for the 
existence of Cet?—Ce**® pairs) amounts to 50 per 
cent of the experimentally determined sensitization 
efficiency. This is reasonably good agreement, in our 
opinion, considering their assumption that the 
number of neighboring cation sites over which energy 
transfer is possible is 10. If this number is taken as 
20, which is more in line with our value of K, an 
excellent check is obtained for this system. The 
success of such a calculation for this phosphor im- 
plies that the introduction of Mn*? in Ca;(PO,4)2:Ce 
does not alter the position of the Ce** absorption 
band (or bands). From Botden and Kroeger’s data, 
this appears to be true. 

in our interpretation of systems like CaSiO;: (Pb 
+ Mn), where the position of the sensitizer ab- 
sorption is altered by the activator, it is impossible 
to caleulate @ priori maximum sensitization ef- 
ficiencies. In these cases, the sensitizer atoms which 
absorb in the new band are all coupled with the 
activator atoms to begin with, and all these sensitizer 
atoms are in a position to transfer energy to the 
latter. The probability that they will do so, based 
solely on considerations of activator-sensitizer proxi- 
mity, is unity. The actual probability of energy 
transfer is, however, a function of properties of the 
system other than the proximity of the sensitizer 
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and activator. Bases for calculating this energy 
transfer probability are likely to be derived, as 
Botden and Kroeger point out, by applying to solids 
the criteria for such transfer known to hold for 
gases. 
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Section, to be published in the December 1959 issue of the 
JOURNAL. 
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Anode Effect in Aqueous Electrolysis’ 


Herspert H. KELLOGG 


School of Mines, Columbia University, New York, New York 


ABSTRACT 


A phenomenon which closely resembles ‘‘anode effect’”’ in molten electrolysis can be 
developed in the electrolysis of aqueous solutions at high current density. Normal 
operation of the electrode ceases and a so-called “‘transition period’’ begins when the 
electrode temperature reaches the boiling point of the electrolyte. When the applied 
voltage is increased beyond a critical value the transition behavior suddenly changes 
to the ‘‘aqueous anode-effect.’’ During this effect the surface temperature of the anode 
rises far above the boiling point of the electrolyte. Evidence is provided which indicates 
that the gaseous envelope surrounding the anode during the aqueous anode-effect is 
maintained by the vaporization of the electrolyte against the hot anode surface. An 
aqueous cathode-effect was also obtained. The relation between aqueous anode-effect 
and anode effect in molten media is discussed. 


INTRODUCTION 


Since the earliest experiments with the electrolysis 
of molten salts, the behavior called ‘‘anode effect”’ 
has been reported and many investigators have at- 
tempted explanations of this peculiar and trouble- 
some phenomenon. The description of anode effect 
by C. 8. Taylor (1) is quoted below: 

“The anode, during the normal course of electrol- 
ysis, is surrounded with a large number of gas bub- 
bles which are constantly escaping from it. These 
small bubbles seem to form on the anode, and then 
break away easily and escape from the electrolyte by 
breaking through the surface film. This smooth, even 
evolution of gas around the anode is always a sign 
of normal operation. The moment the anode effect 
occurs, however, conditions are entirely different. 
The anode appears to be entirely surrounded by a 
film of gas, which, by covering the surface of the 
anode, pushes the fused electrolyte away, and thus 
produces the so-called ‘non wetting’ of the anode. 
As the electrolyte is pushed away, small ares form 
between the electrolyte and the anode.” 

The literature on anode effect is rich in factual in- 
formation the cecurrence and control of the 
phenomenon in a variety of molten electrolyses (2, 3, 


my et 


on 


4). Noticeably lacking, however, is a satisfactory 
hypothesis concerning the anode effect which will ex- 
plain what forces are responsible for holding the 
molten electrolyte away from the anode in the form 
of a gaseous envelope despite the ever present hydro- 
static forces which tend to collapse this envelope. 
To the best of the author’s knowledge, the idea that 
this envelope is maintained by the rush of gases 
evolved at the anode is the most widely held hypoth- 
esis at the present time. 

‘Manuscript received August 2, 1949. This paper pre- 


pared for delivery before the Cleveland Meeting, April 19 
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This paper shows that a phenomenon can be ob- 
tained with electrodes which evolve gas in aqueous 
electrolysis, which phenomenon closely fits the pre- 
viously cited description of anode effect in molten 
electrolysis. Furthermore, by analysis of pertinent 
data on this “aqueous anode-effect,’”’ an explanation 
of the forces which form and maintain the gaseous 
envelope has been arrived at. It seems very likely 
that the explanations of aqueous anode-effect may 
also be valid for the anode effect in molten electrol- 
ysis, and it is contemplated to investigate this possi- 
bility in a future paper. 


EXPERIMENTAL 


The experiments on aqueous anode-effect were 
made with the following circuit: The cell was an 800- 
ml Pyrex beaker in which were placed the anode to 
be investigated (in most instances a platinum wire, 
1.25 mm diameter, immersed to a depth of 8 mm) 
and a platinum cathode (4 x 6 em sheet). The elec- 
trolyte (usually 1.0N H.SO,) was added so as to 
almost fill the cell. A glass stirring-rod, bent into a 
loop at the bottom, was attached to a motor and 
rotated at 450 rpm. A mercury thermometer was 
used to record the temperature of the electrolyte. 
Direct current was supplied to the electrodes by 
means of a voltage divider connected across a 115 
volt source. An ammeter was placed in series with 
the cell, and the total cell voltage was measured 
across the electrodes with a voltmeter. 

The measurements of electrode temperature were 
made with an electrode constructed in the following 
manner: A tube of 25-20 chromium-nickel steel, 
closed atone end, 3.5mm OD, 2.7 mm ID, and 50 mm 
long comprised the electrode. A copper-constantan 
thermocouple (30 gauge wire) was threaded through 
a two-hole ceramic insulator and inserted into the 
steel tube so that the junction was in contact with 
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the closed end of the tube. An efficient thermal con- 
tact between the thermocouple junction and the tube 
was made by placing about 50 mg of a low melting 
(80°C) alloy of lead, tin, and bismuth in the bottom 
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Fic. 1. Anode effeet with platinum-wire anode (0.314 em? 
immersed area) in normal H.oSO, at 66° + 4° C. 





Fic. 2. Normal operation of platinum-wire anode. LV 
H.S8O, at 40° C, 27 volts, 5.4 amperes, about 8X. 


of tube and then gently heating the tube with the 
thermocouple in place. Thermal emf was measured 
with a potentiometer. 

The photographs were made with a bench camera 
equipped with a 42-mm Micro-Summar lens. The 
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illuminant was an Identification Flash Outfit used by 
the Signal Corps, and consisted of a power supply 
and two gas-discharge flash-lamps. The flash in- 
tensity is reported as eleven times more intense than 
sunlight and the duration about 1/10,000 second. 


DISCUSSION 
Description of Aqueous Anode-E ffect 


The discussion of the main body of the data and 
the development of a hypothesis for the aqueous 
anode-effect will be followed with greater ease if pre- 
ceded by a description of a typical electrolysis which 
results in the anode effect. 

Fig. | records in graphical form the volt-ampere 
relationships for a cell consisting of a sheet-platinum 
cathode (4 x 4 cm) and a platinum-wire anode (0.31 
cm? immersed area), with an electrolyte of normal 
H.SO,. The following description applies to the be- 
havior of the wire anode, when the bulk temperature 
is maintained at 66° + 4°C. With a low voltage im- 
pressed on the cell, bubbles of oxygen are evolved 
at the anode in a perfectly normal manner. The 
volt-ampere relation for the cell is that given by the 
region A-B in Fig. 1; the current increases almost 
linearly with increased voltage. Fig. 2 is a photo- 
graph of the gas evolution at the wire anode during 
this normal operation of the cell (compare with Fig. 
3 which shows the wire anode when no current is 
flowing). The oxygen bubbles form rapidly, break 
away from the electrode, and rise quickly to the sur- 
face of the electrolyte where they break. The oper- 
ation of the cell is quiet and steady. 

When a current density represented by the point 
B on Fig. | is reached, a new behavior begins. The 
volt-ampere relation of the cell is erratic. Spitting 
and hissing noises arise from the anode, and many 
of the gas bubbles are projected down and away from 
the anode by the sudden “‘spits.”” The electrolyte 
close to the anode is hot as evidenced by the pres- 
ence of condensed water vapor in the evolved gases. 
A further increase in impressed voltage causes no in- 
crease (or even a decrease) in current through the 
cell, as shown by B-C on Fig. 1. Fig. 4 is a photo- 
graph of the wire anode during this behavior, which 
the writer has called the ‘‘transition period.” 

When the voltage is raised to a critical value (near 
C in Fig. 1), an instantaneous change takes place. 
The voltage rises suddenly and the current drops 
to a low value (point D in Fig. 1). The loud spitting 
and hissing, which accompanied the previous stage, 
cease. The wire anode is completely surrounded by a 
gaseous film. Occasional tiny sparks can be seen to 
form in the film. Fig. 5 is a photograph of the anode 
during this behavior. This is the phenomenon which 
the writer has called ‘aqueous anode-effect.” 

Increase of voltage to point E on Fig. 1 does not 
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alter the behavior described for point D, except that 
a dull red glow can be seen at the lower tip of the 
anode. The writer has taken this glow to indicate 
that the temperature of the electrode is high—proba- 
bly 750°C. Further indication that the electrode is 
hot is that, if the circuit is suddenly opened while 
the anode is operating anywhere in the E-F region 





Fic. 3. 


Platinum-wire anode. No current flowing, im- 
mersion 0.8 em, about 8X. 

of Fig. 1, the anode gives forth a sharp hissing noise 
(like that obtained when a hot object is quenched in 
water) and water vapor rises from the surface of the 
electrolyte close to the electrode. 

If the voltage is slowly decreased, the anode effect 
persists at lower voltages than point D. Finally, when 
the voltage reaches point F there is an instantaneous 
destruction of the gaseous film and the anode re- 
verts to the behavior at point G. 


Mechanism of Aqueous Anode-E ffect 


In order to investigate quantitatively the temper- 
ature of the anode before and during the anode 
effect, the alloy-steel electrode with the imbedded 
thermocouple (see EXPERIMENTAL) was used with 
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an electrolyte of normal NaOH®. Fig. 6, 7, and 8 
summarize the volt-ampere relations and the anode 
temperature for three different bulk-electrolyte tem- 
peratures. The behavior for each electrolyte temper- 
ature can again be conveniently divided into three 
periods: (a) normal operation, A-B in Fig. 6, 7, and 
8; (b) transition period, B-C; (c) anode effect, F-D-E. 





Fia. 
IN H.SO, at 88° C, 44 volts, 1.5 amperes, about 8X. 


4. “Transition period”? with platinum-wire anode. 


In the following paragraphs each of these periods 
will be discussed along with the reasons for the 
transition from one period to another. 


1. Normal Operation 


When no current is flowing, the electrode temper- 
ature coincides with the electrolyte temperature. As 
the current density is raised in the “normal operation” 
region (A-B in Fig. 6, 7, and 8), the surface of the 
electrode becomes hotter than the electrolyte. The 
reason for this behavior is to be found in the great 
number of gas bubbles which armor the surface of 
the electrode (see Fig. 2). The only paths for the 
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* NaOH was used to increase the passivity of the alloy- 
steel anode. 
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passage of current from the bulk of the electrolyte 
to the electrode surface are the bubble walls of the 
evolving gas. The current density in these bubble 
walls is correspondingly high, and the heat dissipated 
by “/?R” heating in the bubble walls is higher than 
elsewhere in the electrolyte. 

The temperature of the bulk electrolyte has only 
a minor effect on the volt-ampere relations in this 
‘normal operation” period. For a given voltage, the 
current is slightly higher for the hot electrolyte than 
for the cool, as would be expected from the higher 
conductivity of the hot electrolyte. 


— ar 





Fic. 5. ‘*Aqueous anode-effect’’ with platinum-wire 
anode. LV H.SO, at 40° C, 70 volts, 1.1 amperes, about 8X 


2, Transition Pe riod| 

For all three electrolyte temperatures the change 
from the “normal operation” to the “transition 
period” is coincident with the point at which the 
electrode temperature reaches 100° + 2°C. The 
region close to the electrode has become sufficiently 
hot to vaporize the electrolyte, and the spitting and 
hissing noises which accompany the “transition 
period” are evidence that vaporization does take 
place. Pa 

Fig. 6, 7, and 8 show that the current density at 
which the ‘‘normal operation” ends and the “transi- 
tion period” begins is higher the lower is the bulk- 
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electrolyte temperature. This is readily explained 
since the cold electrolyte will offer better conditions 





Fig. ‘a. “Aqueous anode-effect’”’ with platinum-wire 
anode. 1N H.SO, at 90° C, 74 volts, 0.12 amperes, about 8X. 
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Fic. 6. Anode effeet with alloy-steel anode (0.956 em? 
immersed area) in normal NaOH at 39° + 3° C. 


for heat transfer away from the electrode, and, conse- 
quently, a higher current density will be required to 
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raise the electrode temperature to the boiling point 
of the electrolyte. 

Fig. 6, 7, and 8 show that during the “transition 
period” the current fails to increase and even falls 
as the voltage is further increased. The explanation 
of this behavior is found by examination of the 
electrode surface during the “transition period.” Fig. 
} shows that the vaporization of the bubble walls 
during the “transition period” results in the forma- 
tion of a wide vapor film which encloses a large sec- 
tion of the electrode. During the ‘‘transition period”’ 
these films have a very short life and are constantly 
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Fig. 7. Anode effect with alloy-steel anode (0.956 em? 


immersed area) in normal NaOH at 66° + 4° C. 


























T 
_ a | | 
| | 
| | | 
o—- Amps ~ 
Hs 
1% 
| @ 
-4~-~. 
U-o | . = 
ye} ==5 200 
s | i 
| 
| 7 a 
| 
F 0 | E | 
| | ; ees! 
0 20 40 60 80 700 720 


Volts 

hia. 8. Anode effect with alloy-steel anode (0.956 em? 
immersed area) in normal NaOH at 89° + 2° C 
forming and breaking —a behavior which is responsi- 
ble for the unsteady readings of voltage and current 
during this period. The presence of these vapor films 
which partially enclose the anode results in a large 
increase in the resistance of the electrolyte path near 
the anode and, hence, the current may drop even 
though the voltage increases. 

During the “transition period” the electrode tem- 
perature remains constant at 100° + 2°C. There 
remains some direct contact between the anode and 
the electrolyte with the result’ that the electrode 
temperature is prevented from rising above the boil- 


ANODE EFFECT IN AQl 


"EKOUS ELECTROLYSIS 137 


ing temperature of the electrolyte. The gas evolved 
by the electrolysis: continues to evolve as bubbles, 
though the force of the sudden vaporizations often 
projects the gas bubbles far away from the electrode. 


3. Anode-Effect Region 


The chain of events that leads to the instantaneous 
change from the “transition period” to the anode 
effect will be better understood if the characteristics 
of the already formed anode effect film are first dis- 
cussed. 

The most striking facts, shown in Fig. 6, 7, and 
8, are the very high electrode temperatures which 
prevail when the anode-effect film is present. The 
lowest anode temperature recorded under these cir- 
cumstances was 165°C; the highest was about 620°C.* 
These high anode temperatures, together with the 
facts on the vaporization of the electrolyte during 
the transition period, suggest a simple and compel- 
ling explanation for the forces which maintain the 
gaseous envelope during the anode effect. 

The anode-effect film is primarily a water-vapor film 
surrounding a hot wire. The electrolyte is pushed back 
from the electrode surface by the vapor pressure of 
the electrolyte, which exceeds one atmosphere as a 
result of the high electrode temperature. If the film 
attempts to collapse under the influence of hydro- 
static forces when the electrolyte surface approaches 
close to the anode, further vaporization will take 
place and push the electrolyte back. 

This hypothesis of the forces which maintain the 
film is in accordance with the visual observation of 
the anode-effect film. The surface of the film is not 
stationary, but vibrates rapidly toward and away 
from the electrode surface (see Fig. 5). Since the 
electrode can lose heat by conduction up through its 
length, the bottom tip of the wire is the hottest part 
(this was established experimentally by the observa- 
tion on the platinum-wire anode that the bottom 
section could be made to glow at a red heat, while 
the top gave no visible radiation). 

In order to prove that a hot wire is capable of sup- 
porting a film, such as is formed during the anode 
effect, the following experiment was performed: A 
nichrome wire, 0.10 em diameter and 12 em long, 
was formed into a loop and connected to a direct- 
current souree; a current of 30 amperes was passed 
through the wire. As soon as the wire was red hot it 
was plunged into a beaker of water, without dis- 
connecting the current source. A vapor film was seen 
to surround the entire length of the wire. Fig. 9 is a 
photograph of that part of the wire close to the sur- 
face of the water. 

‘By use of a nickel wire, 0.81 mm diameter, as an anode 
the author was able to obtain sach a high electrode t 
perature the nickel melted (mp = 1452 C). 


‘mh 
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In this experiment there is no question but that 
the gaseous envelope around the hot wire is a water 
vapor film. There is no electrolysis during this ex- 
periment and no other possible source of large quan- 
tities of gas other than water vapor. The striking 
similarity between the hot-wire film (Fig. 9) and 
the aqueous anode-effect film (Fig. 5) is strong evi- 
dence that the anode-effect film is also maintained 
by the vaporization of water. 





Fig. 9. Vapor film surrounding hot wire (about 8X). A 
nichrome wire (0.10 em diam) was heated to red heat by 
passing 29 amperes through it; the red hot wire was then 
plunged into distilled water at 72° C, without disconnecting 
the current source. Wire passes through the surface of the 
water at the top of the picture. 


Another point of similarity between the anode- 
effect film and the hot-wire film is that the thermal 
energy which must be dissipated in order to main- 
tain these films is of the same order of magnitude 
for both films. With water at 87°C, the critical cur- 
rent required to maintain the hot-wire film is about 
29 amperes. This corresponds to a heat dissipation 
of about 40 watts per square centimeter of surface 
area of the wire. To just maintain the anode effect, 
with an electrolyte temperature of 87°C, requires 
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about 45 volts and 0.35 amperes, when the platinum- 
wire anode, immersed to a depth of 0.8 em, is used. 
Not all of this voltage drop occurs at the anode film, 
however. The approximate voltage drop at the film 
can be obtained by subtracting from the total volt- 
age drop, the voltage drop of the cell when it is 
operating without anode effect at the same current, 
Thus, with normal H.SO, at 87°C: 
Total voltage drop to just maintain anode effect 
=45 volts. 
Voltage drop for normal operation at 0.35 am- 
peres = 3.5 volts. 
Voltage drop at film = 45 — 3.5 = 41.5 volts, 
Immersed area of electrode = 0.314 em? (Pt wire 
immersed 0.8 cm). 
411.5 & 0.35 


0314 = 


Heat dissipated by film = 


watts/em?’. 
The close agreement of these two figures for the 
power required to maintain the two kinds of film 
also supports the water-vapor theory of the anode- 
effect film. 

A property of the anode-effect film which is of 
considerable interest and importance is its ability to 
conduct electric current. The anode effect would be 
impossible if the film were a nonconductor, since it is 
the heat dissipated by the current that heats the 
electrode surface and maintains the vapor film. The 
mechanism of conduction through the vapor film is 
by no means clear, but the following observations 
and discussion throw some light on it. 

When the platinum-wire anode is used in an elec- 
trolyte of sulfuric acid, the only visible signs of 
current conduction are rather infrequent and _ tiny 
sparks across the anode film. On the other hand, if 
a little sodium sulfate is added to the electrolyte (or 
if sodium hyroxide is the electrolyte), the anode film 
is seen to emit a yellow glow, characteristic of so- 
dium emission. With a cell voltage of 70 volts and 
an electrolyte temperature of 40°C, the anode sur- 
face is covered with a great many (perhaps 100) 
bright yellow spots, but there is no general glow. 
When the voltage is raised to 110 volts a yellow 
glow pervades most of the anode surface. The in- 
tensity of the glow varies on any one position of the 
surface with a periodicity that is similar to the vi- 
bration of the vapor film described earlier. The glow 
does not exist out in the wide portions of the film; 
it is confined close to the anode surface. 

Based upon the above observations, and without 
rigorous proof, the following hypothesis regarding 
current. conduction across the film is offered: 

Very little conduction can take place across the 
wide portions (0.2 to 2.0 mm thick) of the film, as 

evidenced by the lack of sodium glow in the wide 
portion of the film. In those portions of the film 
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which are sufficiently thin (perhaps 0.2 mm judging 
from the photograph in Fig. 5), the potential gradient 
is sufficiently high to cause ionization of the gases 
within the film and current conduction will take place 
by migration of the gaseous ions. This ionization may 
be sufficiently intense to cause a visible discharge in 
the gas, as evidenced by the sodium glow noted 
above. Since any one position on the film is periodi- 
cally approaching closer to the electrode and then 
receding, the conduction across the film at that point 
will also vary and the intensity of the glow will vary, 
thus, the flickering aspect of the glow is described. 

Since appreciable current still flows during the 
anode effect, there must be some electrolytic reaction 
taking place at the anode. On the other hand, visual 
observation of the anode during the anode effect 
shows no formation of gas bubbles. The seat of the 
electrolytic reaction must now be the electrolyte-gas 
interface. This type of electrolysis, where the metal 
electrode is separated from the electrolyte by a 
gaseous region, has been described as long ago as 
1887 by Gubkin (5) and studied at length by Klemence 
(6). However, these studies involved low pressures 
(5-15 mm of Hg) in the gas phase and real glow- 
discharge conduction was obtained. 

To prove that during the anode effect oxygen gas 
is evolved into the water-vapor envelope and exits 
through the neck of this envolope to the atmosphere, 
the following experiment was performed: The upper 
portion of the platinum-wire anode was sheathed 
with a close-fitting ceramic insulator, so that a tip 
about 0.5 cm long of platinum was exposed. The up- 
per end of the sheath was cemented to the wire to 
prevent gas leakage. The electrode was immersed so 
that the 0.5 em of bare piatinum and about 0.2 em 
of the sheath were below the electrolyte surface. 
When the anode effect was developed with this elec- 
trode a large bubble of noncondensable gas formed 
at the top of the bare platinum and broke off from 
time to time when it grew too large. Tests proved 
the gas to be oxygen. Fig. 10 shows the anode effect 
under these conditions. 

Fig. 6, 7, and 8 show that the electrolyte temper- 
ature has a marked effect on both the current and 
the electrode temperature during the anode effect. 
A low electrolyte temperature gives rise to a high 
current and a high electrode temperature during the 
anode effect. The explanation of this peculiar re- 
lationship is to be found in the thickness of the vapor 
films formed at different electrolyte temperatures. 
Fig. 5 and Fig. 5a show the anode film at electrolyte 
temperatures of 40°C and 90°C, respectively. With 
the high electrolyte temperature the film is quite uni- 
form and it vibrates only slightly. With the low elec- 
trolyte temperature the film vibrates violently and 
is very wide (1-2 mm) in some places and extremely 
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thin in others. It is reasonable to expect that the 
cooler the electrolyte, the more closely the film can 
approach the electrode before it is heated sufficiently 
by the hot surface to cause vaporization. As dis- 
cussed previously, the main conduction through the 
film occurs at the very thin sections; thus, the cold 
electrolyte makes possible a larger current because 
the film approaches closer to the electrode surface. 

As would be expected, the intensity of agitation 
of the electrolyte also affects the current during the 
anode effect. At a given electrolyte temperature, in- 


* 


Ws 





Fic. 10. ‘‘Aqueous anode-effect with partly insulated 
platinum wire. The top part of the electrode is sheathed 
with a ceramic insulator. The large bubble breaks off 
periodically when it grows too large. 1N H.SO, at 67° C, 
77 volts, 0.15 amperes, about 8X. 


creased agitation causes an increased current to flow. 
Agitation makes possible a more rapid rate of heat 
transfer away from the electrolyte-gas interface, with 
the result that this interface remains cooler, can ap- 
proach more closely to the electrode surface, and can 
allow a larger current to flow. 

The high electrode temperature obtained with the 
cold electrolyte is a secondary effect. Since the cold 
electrolyte allows a large current to flow, and the 
large current will dissipate more heat than the small 
one, the electrode will become hotter. In brief, the 
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electrode temperature is a function of, among other 
factors, the rate of heat dissipation. 


,. Change from “Transition Period” to Anode-E feet 


With the foregoing discussion of the anode-effect 
film after it is formed, it is now possible to discuss 
the critical factors which result in the change from 
the “transition period” to the anode effect. 

It is evident that the aqueous anode-effect begins 
at a critical voltage rather than at a critical current 
density. Fig. 1, 6, 7, and 8 show that for the evolu- 
15-50 
volts. If hydrochloric acid is the electrolyte and 


tion of oxygen the critical voltage is about 


chlorine is evolved, the critical voltage for anode 
effect is about 30-35 volts. Apparently, therefore, the 
nature of the gas evolved at the anode has some 
bearing on the critical voltage. These facts suggest 
the following hypothesis for the chain of events which 
lead from the ‘transition period” to the anode effect. 

During the “transition period” there is sufficient 
heat dissipated to vaporize much of the electrolyte; 
however, an anode-effect film cannot form unless the 
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(0.314 em? immersed area) in normal H.SO, at 66° + 3° C. 


anode temperature rises appreciably above the boil- 
ing point of the electrolyte. The type of conduction 
during the “transition period” that results in the 
vaporization of the bubble walls can never give a 
temperature above the boiling point of the electro- 
lyte, since as soon as a particular bubble wall is 
vaporized completely the circuit is broken at that 
point and the current ceases for that particular path. 
However, as the voltage is progressively increased, 
a point is reached where there is sufficient potential 
drop across some thin section of one of the transient 
films to cause conduction through the gas film. As 
soon as this occurs, the heat dissipated by this cur- 
rent can result in a local electrode-temperature in 
excess of 100°C. The heat can be conducted along 
the metal electrode and cause the vapor film to spread 
and be stable as a complete envelope. In short, it is 
suggested that for aqueous anode-effect under the 
conditions cited, the critical factor for the onset of 
anode effect is a sufficient potential drop across a 
transient vapor film to cause an appreciable con- 
duction through the gas phase. 
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Aqueous Cathode-e ffect 


In all of the experiments and hypotheses discussed 
above there is no factor which is peculiar to anodes 
alone. If the hypotheses are correct, then one could 
predict that a cathode which evolved gas, and which 
is operated at a high current density should show a 
similar behavior and develop a vapor film under 
proper conditions. Such is found to be the case. If 
the platinum-wire electrode is made a cathode in a 
IN sulfuric-acid electrolyte, it follows a behavior 
exactly similar to that of the anode. Fig. 11 records 





Fig. 12. ‘‘Aqueous cathode-effect’”? with platinum-wire 
cathode. LV H,SO, at 40° C, 70 volts, 1.0 amperes, about 8X. 


the volt-ampere characteristics for the platinum 
cathode and Fig. 12 is a photograph of aqueous 
“cathode-effect.”” The cathode emits a bright blue 
glow, characteristic of hydrogen emission, if the 
voltage is raised to 110 volts. 

With cathodes, however, there is yet another phe- 
nomenon that takes place. If the solution contains 
sodium sulfate, or if sodium hydroxide is used as the 
electrolyte, the ‘cathode effect” is not obtained. tn- 
stead, the cathode surface is covered with a multi- 
tude of what appear to be spark discharges (blue 
color), no wide vapor film develops, and the sur- 
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face of the cathode remains at 100°C or slightly 
lower. Apparently some kind of film does form around 
the cathode because the meniscus at the electrolyte 
surface dips down, just as during the “cathode effect”’ 
or anode effect. However, the wide vapor-envelope 
which can be clearly seen during the true ‘‘cathode 
effect”? is absent in this case. The explanation of 
this phenomenon lies out of the scope of this paper, 
but the writer feels that a different mechanism of 
electric conduction between electrolyte and the elec- 
trode surface is probably responsible for this phe- 
nomenon. 


Relation Between Anode Effect in Aqueous 
and Molten Electrolysis 


The writer does not claim that the explanations 
found valid for aqueous anode-effect are necessarily 
valid for anode effect in molten media. In particular, 
the chain of events which leads to molten anode- 
effect is very likely different. In molten media with 
a graphite anode, the electrolyte usually has a high 
contact-angle against graphite (7, 8). On the other 
hand, platinum and the alloy steel used in this paper 
are completely wet (have 0° contact angle) by the 
electrolyte used. The non-wettability of the graphite 
anode by the molten media may contribute to the 
incidence of anode effect by making it possible for 
gas bubbles to adhere strongly to the anode. More- 
over, the high temperatures found in molten elec- 
trolysis undoubtably have some effect upon the ease 
with which the gas film can ionize and thus con- 
duct current. 

The writer does feel, however, that the concept of 
the gaseous envelope stabilized by the vaporization 
of the electrolyte close to the surface of a hot anode 
should be closely investigated for molten anode- 
effect. The explanations for the stability of the 
gaseous envelope to be found in the literature all 
center about a gaseous film—one stabilized by a 
CO, CO.) (9). 
There are at least two considerations that make such 


rush of noncondensable gases (Ov, 


an explanation untenable. In the first place, in a 
laboratory cell, when the anode effect starts, the 
current will usually drop to } or 9 of its previous 
value. This means that during anode effect only } 
or 75 as much gas is being evolved as before anode 
effect. Thus, one is forced to explain how a small 
amount of gas will cause a gaseous envelope to form, 
where five or ten times that amount of gas was un- 
able to do so. Second, it is not hard to show by 
means of hydrodynamics that the velocity of gas re- 
quired to hold back the electrolyte from the anode, 
at any reasonable depth in the electrolyte, is very 
large and far more than one could obtain from molten 
electrolysis. 

The writer is planning a future paper which will 
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attempt to apply the vapor-film theory of aqueous 
anode-effect. to anode effect in molten electrolysis. 
At this time, however, it can be pointed out that it 
is entirely possible that the electrolyte in the Hall 
aluminum cell could vaporize if in contact with 
a hot anode. Waddington and Pearson (10) have 
recently pointed out that the current carriers in 
cryolite are Nat and possibly AIF; . The transfer- 
ence of these ions will result in an anode layer of 
electrolyte which is impoverished in NaF and rich 
in AIF;. AIF; is a relatively unstable compound and 
volatilizes with decomposition around 1000 to 1100° 
C (11). Thus, the anode may be surrounded with an 
electrolyte which can volatilize at a temperature 
about 100°C higher than the operating temperature 
of the cell (1000°C), and it is possible that a vapor 
film could be formed if the anode became over- 
heated. 


CONCLUSIONS 

1. A phenomenon which occurs when electrodes 
which evolve gas in aqueous media are operated at 
high current densities has been described and named 
“aqueous anode-effect”’ because of its similarity to 
anode effect in molten electrolysis. 

2. Normal operation of the anode was found to 
cease when the electrode temperature reached the 
boiling point of the electrolyte. Under these condi- 
tions, the anode enters a so-called ‘“‘transition period”’ 
where vaporization of the bubble walls leads to an 
increased electrical resistance at the anode and the 
current through the cell falls as the voltage is in- 
creased. 

3. The “transition period” behavior instantane- 
ously changes to the “‘aqeueous anode-effect”? when 
the voltage is raised to a critical value that will per- 
mit conduction through the gas phase. 

!. The gaseous envelope which encloses the anode 
during “aqueous anode-effect”” is maintained by the 
vaporization of the electrolyte close to the surface of 
the anode, which surface was found to be at a tem- 
perature far above the boiling point of the electro- 
lyte. 

5. It was also shown that an ‘“‘aqueous cathode- 
effect,” entirely similar to the anode effect, could be 
obtained. 

6. The relation between ‘aqueous anode-effect”’ 
and anode effect in molten media was discussed and 
it was pointed out that there is a possibility that the 
anode-effect film in molten media is also stabilized 
by vaporization of the electrolyte. 
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Conditioning Aluminum Alloys for Electroplating’ 


FrepD KELLER AND Watrer G. ZELLEY 


Aluminum Research Laboratories, Aluminum Company of America, New Kensington, Pennsylvania 


ABSTRACT 


Successful use of the zine immersion process for plating aluminum alloys is depend 


ent on the effectiveness of the surface conditioning treatments used prior to the im 
mersion zine dip. Various conditioning treatments are described for removing constitu 
ents that may cause difficulty during plating and for obtaining a uniform and active 
surface for deposition of the zine layer. The manner in which the conditioning treat 
ments and variations in the zinc immersion layer may affect the performance of plated 


aluminum alloys is described. 
Of the many processes that have been developed 
for electroplating aluminum alloys, the zinc-immer- 
sion method is considered to be one of the most 
practical and economical processes for commercial 
application. Furthermore, it can be employed for 
plating all of the different aluminum alloys with 
various other metals. Successful use of this method, 
however, is dependent to a large degree on the type 
and effectiveness of the cleaning and conditioning 
treatments that are used for the various aluminum 
alloys (1). 

Ordinarily, aluminum alloys do not respond to the 
cleaning and etching treatments usually employed 
for other metals; thus, the conditioning treatments 
that are required are different from those commonly 
employed in plating shops and may be somewhat 
more important. The objective of this paper, there- 
fore, is to describe the various conditioning treat- 
ments that are required for different aluminum alloys 
and to show how variations in the zinc-immersion 
layer affect the performance of electroplated samples. 

From the metallurgical viewpoint, many different 
types of aluminum alloys are used for producing 
various cast and wrought products. Because of this 
fact, it has been difficult to find conditioning treat- 
ments that would give equally satisfactory results 
for all types and tempers of aluminum alloys. In 
addition to the metallurgical differences which may 
affect response to conditioning treatments, all alu- 
minum products have an ever-present natural oxide 
film. This film can be removed by acid and alkaline 
treatments, but after rinsing the surface will still 
have an oxide film which reformed during the treat- 
ment. For best results with the zinc immersion proc- 
ess, this new film should be thinner and more uniform 
and provide a more active surface for deposition 
of the zine layer. 

' Manuscript received October 11, 1949. This paper pre 


pared for delivery before the Chicago Meeting, October 12 
to 15, 1949. 


THe Zinc IMMERSION PROCESS 


Aluminum alloys, because they are less noble than 
most of the common metals, will readily replace 
many other metals from solutions of their salts. This 
forms a basis for the use of the zinc immersion proc- 
ess in the electroplating of aluminum alloys (6) (7). 
In principle, the alkaline zincate solution that is used 
to obtain an immersion coating of zine dissolves the 
surface oxide film and some of the underlying alu- 
minum and replaces the latter with an equivalent 
amount of metallic The thin and adherent 
layer of zine provides a surface on which many other 
metals can be electrodeposited readily. 

For the immersion treatment (1), a highly alkaline 
solution containing the following is used at room 
temperature: 


zine. 


Sodium hydroxide (NaOH) 
Zine oxide (ZnO) 
Water to make 


500 grams 
100 grams 
1 liter 


Immersion time (at 60°-80°F) (15-27°C) 1 minute 


Since the thickness, continuity, and compactness 
of the immersion deposit appear to be dependent on 
the conditioning treatments that are used, the oper- 
ating conditions for the zinc immersion treatment, 
and on the type of alloy and product, the effects of 
these variables are of considerable interest. Failure 
to recognize the importance of some of these factors 
may have been responsible in part for the incon- 
sistent and unsatisfactory results that have been ex- 
perienced in the plating of aluminum alloys. 

CLEANING AND CONDITIONING TREATMENTS 
good results with the zinc immersion 
process for plating aluminum alloys, it is essential 


To obtain 


that the various cleaning and conditioning treat- 
ments provide a clean and more uniformly active 
surface for the deposition of the zine layer. First, the 
surface should be free of any oil or grease. For re- 
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moving oil or grease, vapor degreasing or solvent 
cleaning may be necessary. Usually, a mild alkaline 
cleaner can be used. One can be made conveniently 
by using 3 per cent each of sodium carbonate and 
trisodium phosphate. This solution should be used at 
a temperature of 140°-180°F (60°-82°C) for 1 to 3 
minutes. 

After appropriate cleaning, further conditioning of 
the surface is generally required. For the condition- 
ing to be most effective, it must accomplish two 
things: (a) remove the original surface oxide film and 
replace it with a thinner and more uniform oxide 
film, and (b) remove any microconstituent which 
may interfere with the formation of a continuous 
zine layer or which may react with subsequent plat- 
ing solutions. 
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Fig. 1. Effeet of temperature of the zineate solution on 


SO | 


the weight of coating deposited on 28 alloy sheet during 
different immersion periods. 


One of the more effective treatments for removing 
the surface oxide film and any undesirable micro- 
constituents comprises using a hot acid etch con- 
taining 25 per cent sulfuric acid (by weight) for about 
5 minutes at a temperature of 180°F (82°C) (1). 
This treatment has been found satisfactory for all 
wrought and most cast aluminum alloys. It not only 
leaves the surface in an excellent condition for the 
formation of the immersion zine layer, but it also 
eliminates the undesirable effects of the magnesium- 
containing constituents in alloys of the 528, 61S, and 
635 types. 

For wrought alloys of the 28 and 3S types, fairly 
good conditioning may be obtained by employing 
the carbonate-phosphate etch, followed by a treat- 
ment in a 1:1 nitrie acid solution. These alloys do 
rot contain interfering constituents, and the use of 
the hot sulfuric acid treatment is not essential. 
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Another conditioning treatment which has con- 
siderable merit. consists of a double zinc-immersion 
treatment with the first zine layer being removed by 
a dip in 1:1 nitric acid. This treatment has been de- 
scribed by Korpiun (2), Armstrong (3), and Ehr- 
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Fic. 2. Effect of concentration of the zincate solution on 
the weight of deposit formed on 28 alloy sheet at a temper- 
ature of 70°F. The weights shown refer to concentration in 
g/l. 
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IMMERSION TIME, MINUTES 
Fic. 3. Weight of zine immersion coating obtained on 
different wrought alloys when the same conditioning treat- 
ment was used. 


hardt and Guthrie (4). It has been found to be very 
effective for use with many cast alloys and with 
wrought alloys which do not contain appreciable 
amounts of magnesium. With this procedure, the first 
immersion dip removes the original surface oxide and 
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the weight of zinc immersion coating on 28 alloy. Treat 
ment ‘‘A’’—ecarbonate-phosphate cleaner + zine dip; ‘‘B”’ 

same cleaner + 25° sulfuric acid etch + zine dip; ‘‘C”’ 
same cleaner + double zine dip; ‘‘D’’—Alcoa R5 Bright Dip 
+ zine dip. 


TABLE I. 


Alloy and 


Sample Conditioning treatments 
number temper 
| 28-H16 (a) 1 min carbonate-phosphate etch 
(b) 1 min zine immersion dip 
(c) Strip in 1:1 nitrie acid 
2 28-H16 | (a) 1 min carbonate-phosphate etch 


(b) 4 min dip in 1:1 nitrie acid 


3 28S-H16 | (a) 1 min carbonate-phosphate etch 
(b) 4 min dip in 1:1 nitrie acid 


f 35-H16 | (a) 
(b) 1 min zine immersion dip 
(c) Strip in 1:1 nitrie acid 


1 min carbonate-phosphate etch 


5 38-H16 | (a) 1 min carbonate-phosphate etch 
(b) 3 min dip in 1:1 nitrie acid 


6 38-H16 | (a) 1 min carbonate-phosphate etch 
(b) 4 min dip in 1:1 nitrie acid 


(a) 1 min carbonate-phosphate etch 
(b) 5 min in 25°¢ sulfurie acid (175°F 


(ce) 3 min in 1:1 nitrie acid 


8 248-T4 | (a) 1 min carbonate-phosphate etch 


(b) 5 min in 259% sulfurie acid (175°F) (80°C 


(e) 3 min in 1:1 nitrie acid 


replaces it with a zine layer. Removal of the zinc 
layer by the nitric acid dip leaves the surface in a 
very satisfactory condition for deposition of the final 
zinc immersion coating. 

A new treatment which will satisfactorily condi- 
tion the surface of many aluminum alloys for the 
zinc immersion treatment is the Alcoa R5 Bright 
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Dip.? For this treatment, a hot mixture of com- 
mercially available acids is used. This treatment is 
very effective in removing the surface oxide film and 
in leaving a smooth, bright, and uniformly active 
surface. It is especially useful in obtaining very thin 
and uniform zinc immersion deposits and compares 
favorably, in this respect, with the double zine im- 
mersion treatment. 


ConTROL OF IMMERSION TREATMENT 

To get smooth, uniform, and adherent zine coat- 
ings, the temperature of the solution should be 
maintained in the range from 60° to 80°F (15°-27°C). 
The character of the coating is influenced by the 
rate of replacement, and, when the rate of deposition 
is too rapid, the coatings tend to be heavier and less 
satisfactory from the plating standpoint. The effects 
of temperature of the zincate solution are illustrated 
by Fig. 1. The sodium hydroxide content of the 
solution is also a factor in the formation of the im- 
mersion coating as shown by Fig. 2. 


Treatments to obtain different thicknesses of zinc on 2S, 3S, and 248 alloys 


Weight of 
deposit Mg/in? 
(mg/dm*) 


‘alculated thickness 
of deposit 
mil (mm) 


Zinc immersion treatment 


1 min at 74°F (23.3°C) 0.10 (1.5) | ( 


.0008 (0.00002 ) 


4 min at 76°F (24.4°C) 0.23 (3.5) | ¢ 


.0019 (0.00005 ) 


3 min at 76°F (24.4°C) 0.39 (6.0) 0.0033 (0.00008 ) 


1 min at 78°F (25.5°C) 0.14 (2.2) 0.0012 (0.00003 ) 


1 min at 76°F (24.4°C) 0.34 (5.2) | 0.0029 (0.00007 ) 
3 min at 76°F (24.4°C) 0.48 (7.4) | 0.0041 (0.0001) 

1 min at 75°F (23.9°C) | 0.09 (1.4) | 0.0007 (0.00002) 
3 min at 90°F (32.2°C) 0.12 (1.8) | 0.0011 (0.00003 ) 


Thinner and more uniform deposits are obtained 
from solutions having the higher percentages of so- 
dium hydroxide. Since the zincate solution is very 
viscous, losses are due mainly to “drag-out.’’ This 
is advantageous, as it limits the accumulation of 
impurities resulting from solution of the aluminum 


* Process licensed by Aluminum Company of America. 
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during treatment. The specific gravity of this solu- 
tion should be checked occasionally and any losses 
should be made up by adding more of the com- 
ponents. From the data shown in Fig. 1 and 2, it 
is evident that most of the deposition takes place 
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mg/in.? (1.5 to 6.2 mg/dm?) depending on the alloy. 
Our previous experience with electroplated alloys of 
these types has indicated that alloys which had the 
thinner zinc immersion coatings before plating re- 
sisted corrosive conditions better than those plated in 





Fig. 5. Grooved-type of test specimen used for evaluation of plated samples by salt spray and atmospheric exposure 


Grooves are machined through the plating as shown by Fig. 6. 





Fic. 6. A cross section through the machined grooves in 


the above plated test specimen, showing the extent to 
which the underlying aluminum alloy is exposed. 


during the very first part of the immersion period. 
Thus, an immersion period of 30 seconds to 1 minute 
is adequate in all cases. 

The type and temper of aluminum alloy have been 
mentioned as factors influencing the weight and other 
characteristics of the immersion coating (1). The 
manner in which the weight of coating will differ on 
several wrought aluminum alloys treated by the 
same procedure is illustrated by Fig. 3. On these 
samples, the weight of deposit with a 1 minute im- 
mersion treatment ranged from about 0.1 to 0.4 


the same manner, but which had heavier immersion 
coatings. 

The weight of coating also is significantly affected 
by the conditioning treatments used prior to the 
immersion treatment. The effects, for example, of 
the four conditioning treatments described previ- 
ously in this paper are shown by Fig. 4. In this case, 
the treatments were employed for conditioning 2S- 
H16 alloy sheet. When the double zine immersion 
treatment or the Alcoa R5 Bright Dip is used, ap- 
preciably lower weights of zine coating are obtained, 
and samples prepared in this manner have exhibited 
excellent resistance to corrosion after electroplat- 
ing. 

In view of the various factors that may influence 
the weight and other characteristics of the zine im- 
mersion coating and of the fact that samples with 
the thinner zine immersion coatings may be more 
satisfactory for electroplating, further investigation 
of the effect of the thickness of the immersion zinc 
coating on the behavior of electroplated aluminum 
samples was undertaken. 


EFFECT OF THICKNESS OF IMMERSION COATING 


For this investigation, samples of aluminum alloys 
28-H16, 38-H16, and 248-T4 were prepared by dif- 
ferent conditioning and immersion procedures to 
obtain different amounts of zine deposit. The pro- 
cedures that were employed for the three alloys are 
listed in Table I. After the zine immersion coating 
was applied, all of the samples were electroplated by 





Vol. 


the fe 
copp 
abou 
Watt 
(0.04 
chrot 
0.02 


Fig. 
were pre 
plating | 


In or 
ples of 
plating 
of samp 
ler Cory 
Was usec 








n 





UMI 


Vol. 97, No. 4 


the following procedures: (a) plated ina Rochelle-type 
copper cyanide solution to obtain a copper plate 
about 0.2 mil (0.005 mm) thick; (6) plated in a 
Watts’-type nickel bath to obtain a plate 1.5 mils 
(0.04 mm) in thickness; (c) plated in a standard 
chromium bath to obtain a final plate from 0.01 to 
(0.02 mil (0.00025 to 0.0005 mm) in thickness. 
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satisfactory for rapidly evaluating electroplated coat- 
ings on aluminum alloys in both salt spray and 
atmospheric exposure tests. The test samples are 
6 in. x 25 in. (15x 6.3 em) in size and, after plating, 
are grooved as shown by Fig. 5 by machining two 
grooves about 3's in. (0.8 mm) deep with a V-shaped 
threading tool in such a manner as to form an X- 





Fic. 7 


. Two of the grooved-type test specimens of plated 245-T4 sheet after a 300-hour salt spray test. These samples 


were prepared by different conditioning and plating practices. On the one sample, considerable blistering and lifting of the 
plating occurred along the grooves; on the other, little change took place. 


Type OF SAMPLE 
In order to obtain a rapid evaluation of the sam- 
ples of the various aluminum alloys conditioned for 
plating by the different procedures, a grooved-type 
of sample suggested by C. E. Heussner of the Chrys- 
ler Corporation and described in a recent paper (1) 
was used. Samples of this type have been found very 


pattern. These machined grooves extend through the 
plating and expose a portion of the underlying alu- 
minum alloys as illustrated by Fig. 6. Machining of the 
grooves provides an incidental check on the adhesion 
of the plated coatings as lifting of the plating at 
points of intersection and along the sides of the 
grooves will occur on samples having poor adhesion. 
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When specimens of this type are exposed to salt 
spray or to the atmosphere, plating that is inade- 
quate or that has not been satisfactorily applied will 
soon develop blisters and will lift along the grooves 
as shown by Fig. 7. In this photograph, two samples 
of plated 248-T4 sheet are shown after a 300-hour 
salt spray test. These samples had the same thickness 
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this corrosion test is shown by Fig. 8 to 10, inclusive, 
On this group of samples, the weight of zine deposits 
ranged from about 0.1 to 0.5 mg/in.? (1.5 to 7.7 
mg/dm?). Assuming that these coatings were metal- 
lie zine, the zine deposit would range from about 
0.0008 to 0.004 mil (0.00002 to 0.0001 mm) in 
thickness. 





Sample | 0.10 mg/in 1.5 mg/dm Sample 2 


0.23 mg/in 3.5 mg/dm 


2 


Sample 3 0.39 mg/in2 (6.0 mg/dm 


Fic. 8. Influence of amount of zine immersion coating on the behavior of plated 28-H16 alloy sheet samples in a 300-hour 


salt spray test. The plating was the same on all samples, but the amount of zine deposit differed as indicated. 


of plating, but were prepared by different condition- 
ing and plating practices. 

To evaluate the effect. of various thicknesses of 
zine immersion deposit on the behavior of the plated 
samples described in Table I under corrosive condi- 


tions, these samples were subjected to a 300-hour 


salt spray test. The appearance of the samples after 


Resutts oF Corrosion Trsts 
The results from this corrosion test are very in- 
teresting since they indicate rather definitely that 
the samples having the thinner zine deposits with- 
stood the 300-hour salt spray test without develop- 
ing appreciable blistering or lifting of the plating or 
appreciable corrosive attack at the interface, whereas 
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those with the heavier zine deposits showed consider- 
able blistering and lifting of the plating and severe 
corrosive attack on the underlying aluminum alloy 
base. The behavior in relation to the thickness of 
the zine layer appears to be consistent for the several 
different alloys included in this test, although it 
would appear that the thickness of the zine coating 





Sample 4 


Fic. 9. 


0.14 mg/in2 (2.2 mg/dm Sample 5. 


Iffect of the amount of immersion 


which will give similar results will probably vary 
with the alloy and temper of the base metal. This 
is illustrated by the samples of plated 248-T4 sheet 
shown in Fig. 10. Here the weight of zine coating 
varied from 0.09 to 0.12 mg/in.? (1.4 to 1.8 mg/dm*), 
yet the corrosion test showed an appreciable dif- 
ference in the behavior of the two samples. On 248-T4 





0.34 mg/in 
zine coating on the behavior of 
in a 300-hour salt spray test. The weight of zine deposit on each sample is indicated. 
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alloy, however, the weight of zinc deposit obtained 
with the normal immersion treatment is of the order 
of 0.1 mg/in.2 (1.5 mg/dm?*), and it is difficult to 
obtain a heavier immersion layer on this alloy. To 
obtain the heavier zinc layer on the sample illus- 
trated, an minutes at 


immersion treatment of 3 


90°F (32°C) had to be used. 





5.2 mg/dm? 


Sample 6 


0.48 mg/in 


plated 35-H16 alloy 


7.4 mg/dm 


sheet samples 


PLATING ALUMINUM ALLOYS 
After a satisfactory zinc immersion layer has been 
formed on an aluminum alloy article, silver, brass, 
zinc, nickel, or chromium may be deposited directly 
on the *zine layer provided that the plating proce- 
dures are suitable for plating on zine and do not pene- 
trate the zine layer or cause attack on the underlying 
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aluminum alloy (5). Usually, however, a copper 
strike is applied over the zine immersion layer before 
other metals are deposited. For many decorative 
applications, the copper strike is followed by a 0.5 
to 1.5 mil (0.013 to 0.038 mm) nickel plate and a 0.01 
to 0.02 mil (0.00025 to 0.0005 mm) chromium plate. 
Aluminum alloys plated with this system have been 


exposed for as long as 800 hours in a salt spray test 


Sample 7 0.09 mg/in.? (1.4 mg/dm?*) Sample 8 


and for more than | year in the atmosphere without 
showing any lifting or blistering of the plated coat- 
ings or significant corrosion on the aluminum alloy 
exposed by grooving the samples. 

Owing to its position in the electromotive series, 
aluminum will in some degree electrolytically protect 
all of the usual plated coatings except zine or cad- 
mium. Thus, it is to be expected that, with most 
combinations of metals employed for electroplating 
aluminum alloys, some galvanic action will occur 
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between exposed aluminum and the plated coatings 
with the aluminum being the sacrificial metal. It 
would be desirable, for example, to plate nickel 
directly on aluminum without first applying inter- 
mediate coatings of zine or copper. Although this 
can be done, direct plating methods are not as prac- 
tical or economical as the zinc immersion method. 
Furthermore, by the use of proper conditioning pro- 


Fic. 10. Effect of two different 
weights of immersion zine coating on 
the behavior of plated 248-T4 samples 


in a 300-hour salt spray test. 


0.12 mg/in2 (1.8 mg/dm?) 


cedures and control of the thickness and character 
of the zine deposit, it is possible to obtain decorative 
and protective electroplated finishes on most wrought 
and cast aluminum alloys which should meet the 
ordinary service conditions to which many plated 
articles will be subjected. 

Because of the large electrolytic potential between 
aluminum alloys and nickel, a nickel electroplate on 
aluminum should be of good quality and of sufficient 
thickness and soundness to provide adequate cover- 
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age for any given application. For applications where 
resistance to corrosion is not a significant factor, a 
nickel plate about 0.5 mil (0.013 mm) thick will be 
satisfactory. Where mechanical damage or moder- 
ately severe corrosive conditions may be encountered, 
the nickel plate should be from 1.5 to 2.0 mils (0.038 








Fic. 11. Effectiveness of thin chromium plate in reduc 
ing galvanic action at grooves in plated samples of 148-T6 
alloy sheet exposed 350 hours in salt spray test. Both sam 
ples were plated by the same procedure. Sample (a), how 
ever, did not have a final chromium plate; sample (b) had 
a 0.01-0.02 mil (0.00025 to 0.0005 mm) coating of chro 
mium. 5 


to 0.050 mm) in thickness. Ordinarily, nickel plating 
by itself is not recommended as a protective finish 
for aluminum alloys where even moderately cor- 
rosive conditions may be encountered. The applica- 
tion of a final chromium plate 0.01 to 0.02 mil 
(0.00025 to 0.0005 mm) in thickness will passivate 
the surface and extend the service life to a much 


- Kw bo 
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greater extent than would be expected from a thin 
plate of this order of thickness. 

The amount of galvanic attack that will occur 
when any underlying aluminum is exposed on a 
plated aluminum sample will be dependent not only 
on the potential between the aluminum and the 
plated coatings, but also on the amount of current 
that flows in the galvanic cell which is formed when 
an electrolyte is present. The amount of current flow 
is probably the more important factor and is in- 
fluenced by many variables. 

The very thin chromium layer ordinarily applied 
for appearance greatly reduces the amount of current 
flowing from any exposed aluminum areas on plated 
samples. The beneficial effect of the thin chromium 
plating over nickel is illustrated by the two grooved 
samples shown in Fig. 11. 


SUMMARY 


The various conditioning treatments employed for 
the different aluminum alloys have a significant 
influence on the quality and performance of electro- 
plates on these alloys. These treatments affect the 
weight of zine deposit obtained in the immersion 
step. Control of the temperature of the zincate solu- 
tion and the duration of the immersion treatment 
are important factors also in obtaining thin and 
uniform zine deposits. 

By corrosion tests on grooved electroplated sam- 
ples, the important influence of the thickness of the 
zinc immersion layer is demonstrated. With the 
thinner zinc coatings the performance of plated alu- 
minum samples is greatly superior to that obtained 
from samples where the plating was applied over the 
heavier immersion coatings. 

By employing suitable conditioning and immer- 
sion procedures, it has been possible to finish various 
wrought aluminum alloys by plating with a copper- 
nickel-chromium system which should satisfactorily 
withstand the service conditions ordinarily encoun- 
tered by most electroplated articles. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1959 issue of the 
JOURNAL. 
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An X-Ray Method for Determining Tin Coating Thickness 


on Steel! 


H. F. BeeGuiy 


Division of Metallurgical Research, Jones & Laughlin Steel Corporation, Pittsburgh, Pennsylvania 


ABSTRACT 


The thickness of tin coatings on steel can be measured rapidly and nondestructively 
on either side of the sheet by application of a simple x-ray technique. The method is 
based on the selection of an x-ray beam of a wavelength that excites signifi- 
cant amounts of secondary radiation in the base metal but not in the coating. With 
this method, results were obtained that are comparable in accuracy and reproduci- 
bility to those obtained with the usual chemical methods for measuring the coating 
thickness of tin on steel. 

The investigation placed emphasis on use of a commercial x-ray spectrometer for 
measurement of tin coating thickness on a laboratory scale, but enough work was done 
to show that the principle used for measuring tin coating weights on steel is applicable 
to other coatings and to the continuous indication and control of tin coating weights 


on the electrotinning line. Such a unit has been designed and built. 


INTRODUCTION 


The measurement and control of tin coating thick- 
ness during application is of great economic impor- 
tance. The commonly used methods for measure- 
ment of tin coating weight are based on volumetric 
determination of the tin after solution of the tin 
plate or after stripping the tin coating. These 
methods are destructive and have other limitations 
which restrict their value, especially for use on thin 
electrodeposited coatings. At best, they give a pic- 
ture only of the average amount of tin on both sides 
of a given area of the sheet. 

The various common methods for measuring coat- 
ing weights of tin were compared by McKenzie (1) 
who recommended the determination of the loss in 
weight resulting from stripping the tin with hydro- 
chloric acid inhibited with antimony chloride as being 
the most dependable. These methods are of no value 
to operating personnel in controlling deposition of 
the tin. 

Measurement of coating weight by x-ray diffrac- 
tion methods was investigated by Friedman and 
Birks (2) who compared the intensities of selected 
x-ray lines diffracted by the uncoated base metal 
with the intensities of these same lines after the 
coating was applied. Gray (3) and Eisenstein (4) 
also studied the measurement of coating thickness by 
x-ray diffraction methods in which they compared 
the intensities of diffraction lines from the surface 
and base materials and expressed the ratio of line 
intensities of the two materials as a function of coat- 

' Manuscript received July 28, 1949. This paper prepared 
for delivery before the Chicago Meeting, October 12 to 15, 
1949. 
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ing weight. These methods utilized the diffracted 
primary x-ray beam and the relation between the 
ratio of line intensities and coating weight was found 
to conform to the well-known absorption equation 
(I): 


Bax 


I=Ie ” (I) 
in which J, is the intensity of the initial (incident) 
radiation; J the transmitted intensity; = the 

p 


mass absorption coefficient, and x = the transmitted 
thickness of the absorber. These methods did not 
appear to be suitable for use in controlling applica- 
tion of tin on the electrolytic line. 

Thus, although the manufacture of tin plate has 
been an industrial operation of great economic im- 
portance for many years, no method has been avail- 
able to the operator of the tinning line for determin- 
ing at the time of applicatien the thickness of tin 
applied. Some of the data obtained in developing 
such a nondestructive control method are presented 
here. 

A specimen irradiated by x-rays becomes a second- 
ary source of energy when exposed to radiation less 
than some critical wavelength. When this happens, 
the specimen “fluoresces” and the secondary radia- 
tion is emitted in all directions as illustrated in Fig. 
1. This radiation from the specimen is generally con- 
sidered objectionable since it raises the background 
level and tends to obscure the pattern of constituents 
in the specimen being studied. Therefore, x-ray dif- 
fraction workers avoid it by purposely choosing an 
x-ray target material whose radiation is of a wave- 
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length that will not produce: “fluorescence” from 
the given specimen. In the work to be described it 
was found that this secondary radiation could be 
used effectively as a source of radiant energy for 
measuring the thickness of metallic coatings on steel 
economically and rapidly. The procedure is not sub- 
ject to some of the limitations imposed by previously 
described methods utilizing the diffracted x-ray beam. 

Fig. 2 shows the x-ray spectrometer manufac- 
tured by the North American Philips Company used 
in developing the fluorescence method. For the prob- 
lem of thickness measurement an x-ray target is 
selected which produces an adequate background 
from the base metal without exciting significant 
secondary radiation from the coating. A typical 
curve made for black plate? with copper K radiation 
is shown in the upper portion of Fig. 3. The lower 
curve in this figure was made from the same sample 
with iron K radiation. The equipment was adjusted 
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Fic. 1. Schematic arrangement for measuring coating 








thickness by absorption of fluorescent x-radiation. 


without regard to background intensity so that ap- 
proximately the same peak heights were obtained in 
each case. A nickel filter was used at the Geiger 
counter window with the copper target and a man- 
ganese filter with the iron target. The background 
intensity with copper K radiation was approxi- 
mately three times that obtained with iron K radiation. 
The fluorescent radiation from the iron base is ab- 
sorbed in passing through tin in much the same way 
that light is absorbed in passing through a solution. 
The insertion of a tin coating should then result in a 
loss in background intensity that should be in pro- 
portion to the thickness of the tin. The intensity of 
the primary beam striking the base me‘ ai would be 
decreased also with increased thickness of coating 
and this would increase the rate at which back- 
ground intensity falls off with increase in coating 
weight. 

It. appeared that if a consistent correlation could 

? Black plate is the term used in the steel industry to 
describe the bare steel sheet on which tin is applied to make 
tin plate. 
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be established between the intensity of the radiation 
transmitted through the tin and the tin thickness, a 
continuous, nondestructive method for controlling 
the application of tin to steel by the electrolytic 
process could be devised. 


EXPERIMENTAL MrEtTHOopsS AND RESULTS 


The variation in background intensity with tin 
coating thickness was explored by preparing a series 
of x-ray curves of black plate, tin, and a series of 
commercial tin plate specimens with different known 
coating weights. Copper K radiation was used with 
a rapid scanning rate (two degrees @ per minute). 
A nickel filter was used between the specimen and the 








Fic. 2. The direct reading x-ray spectrometer 


Geiger counter window. The irradiated area of the 
specimen was 7 in. x 7 in. (4.7 x 8 mm). X-ray 
curves typical of those obtained are shown in Fig. 4. 
For any given angle of reflection (other than those 
at which a diffraction peak of the base metal or 
coating occurred) the background intensity decreased 
with increasing thickness of coating. These explora- 
tory trials indicated that the intensity of the radia- 
tion transmitted from the background decreased in a 
regular way as the thickness of the tin coating in- 
creased. The relationship between the intensity and 
the coating thickness appeared to be independent of 
the method by which the coating was applied. 
X-ray curves similar to the top one in Fig. 4 
were made over a period of several days under iden- 
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tical conditions on a series of steel coupons cut from 
commercial black plate. Intensity values were tabu- 
lated at several angles; the deviation from the mean 
of eight readings was +2.4, —1.3; +0.6, —0.9; 
+2.9, —1.7; and +1.0, —1.0 for 20 values of 82.2°, 
76.0°, 44.8°, and 38.0°, respectively. The deviation 
from the mean of all readings was appreciably less 
for background (at 26 = 38° and 76°) than for iron 
14.8° and 82.2°). 
same way on tin plate and on commercially pure 


lines (at Values obtained in the 
tin substantiated the reproducibility obtained on 
bare steel. The background intensity from commer- 
cially pure tin was low and did not vary significantly 
from one sample to another. 
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than from some function of the diffraction peak 
intensity has the added advantage of avoiding error 
from differences in intensity due to preferred orien- 
tation. Intensity values at an angle of 26 = 76° 
with copper K radiation showed the best correlation 
with coating weights in these preliminary trials. 
The intensity of the transmitted radiation from a 
series of tin plate coupons selected to give a range of 
coating weights from approximately 0.5 to 1.5 pounds 
(0.23-0.67 kg) per base box was measured. Then 
the coating weights were determined by the usual 
chemical method. Typical x-ray data obtained at 
20 = 76° and the corresponding coating weights for 
a typical series of coupons are shown in Table I. 
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ANGLE OF REFLECTION — 26 


Coating weights were correlated with intensity 
values by plotting some function of the intensity 
values at a given angle against the coating weight.’ 
The empirical relationship so established with tin 
plate of known coating weight provided a_ basis 
for determining the thickness of tin on specimens of 
unknown coating weight. The actual angle selected 
for the intensity measurement was not critical pro- 
vided it was not one at which occurred a diffraction 
peak from either the coating or base metal. Use of 
the transmitted energy from the background rather 


‘ Coating weights in pounds per base box were used. By 
definition, a base box contains 62,720 square inches (40.4 
m*) of surface. This is the unit used by industry in the 
manufacture and sale of tin plate. 


These may be plotted empirically against the ratio 
of background intensity of the coated specimens at 
some given angle to that of bare steel at the same 
angle to give a working curve for relating background 
intensity with coating weights. Intensity ratios are 
shown so that the automatically recorded data can 
be compared readily with manually recorded data. 
In practice it is more convenient to plot the instru- 
ment reading directly against the coating weight. 


The correlation of coating weights with both manu- 
ally recorded and automatically recorded values in- 
dicates that either method is capable of a satisfac- 
tory degree of accuracy. For routine use in the 
laboratory it is convenient to set up for manual 
operation so that a counting error of 1 per cent will 
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be obtained in a 64-seecond counting interval. This 
may be done with the equipment used by irradiating 
a specimen area sufficiently great to give approxi- 
mately 6000 counts in 64 seconds from the heaviest 
coating to be measured. A coating weight then may 
be determined in approximately 70 seconds. If a 
large number of determinations is necessary on a 
particular material, it would be desirable to adjust 
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Fic. 4. X-ray curves obtained with copper K radiation 


the equipment so an equivalent count will be ob- 
tained in 32 (or perhaps 16) seconds. 

Fig. 5 shows a calibration curve based on a 64- 
second count at 76.0° using a nickel filter and an 


irradiated area of 3°; in. x 7g in. (4.7 x 8 mm) and 
with data recorded manually. Coating weights are 
measured by placing a specimen in the holder and 
registering counts over the time interval necessary 
(from the statistics of the counting circuit) to give 
the desired counting accuracy under the conditions 
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for which a calibration curve such as this has been 
established and at a rate that does not exceed the 
resolving or registering ability of the recording cir- 
cuit. The intensity (counts per standard time inter- 
val) is converted to coating weight by means of the 
curve. 


TABLE I. Comparison of manually and automatically 


recorded intensity ratios 


Background intensity ratio at 76 
Coating weights lb/BB* 


Manual recording Automatic recording 


0.305 0.720 0.755 
0.475 0.634 0.662 
0.655 0.522 0.555 
1.250 0.308 0.344 
1.525 0). 262 0.283 
0.870 0.465 0.462 


* Tin plate coating thickness is commonly expressed in 
pounds per base box. A base box is defined as a number of 
sheets having an area over both faces of 62,720 square 
inches. One pound per base box equals approximately 
llg/m?. 
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Fic. 5. Curve relating background intensity to tin plate 
coating weights. 





DISCUSSION 
Precautions in Use of the Method 
Knergy is transmitted from the steel base through 
the coating in a random manner and sufficient counts 
must be recorded to reduce the probable error from 
this random fluctuation to the desired value, e.g., 
if a probable counting error of 1 per cent (exclusive 
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of experimental error and other errors inherent in 
the method) is required, about 6000 counts must be 
taken. Also, a counting rate must be used that does 
not exceed the resolving power of the counter tube or 
the registering ability of the recording device. If 
counting accuracy is the only requirement, a slow 
counting rate may be used over a relatively long 
period of time. 


TABLE II. Comparison of coating weights obtained by 
standard method with those obtained with x-ray method 
Coating weight 
Pounds/base box 


Sample Type Side 
std. method oaths 
1 Electrolytic A 0.49 
B 0.54 
avg* 0.52 0.52 
2 Electrolytic A 0.41 
B 0.39 
avg 0.42 0.40 
3 electrolytic A 0.54 
B 0.5 
ivg 0.52 0.525 
1 Electrolytic A 0.50 
B 0.47 
ivg 0.50 0.485 
5 Electrolytic A 0.73 
B 0.70 
ivg 0.70 0.715 
6 Electrolytic A 0.81 
B 0.83 
ivg 0.83 0.82 
7 | Hot Dip A 1.21 
B 1.08 
ivg 1.03 1.145 
8 | Hot Dip A 1.55 
B 1.31 
ivg 1.25 1.43 


* Values obtained by standard method are true aver 
ages. Averages shown for x-ray method are average of two 
readings one on each side of test coupon and are not neces- 
sarily true averages. 


In general, it is advisable to use a large angle 
between the incident primary beam and the coating 
and between the axis of the counter tube and the 
coating; thus, errors resulting from surface imper- 
fections are minimized. Small angles may be neces- 
sary for coatings that are relatvely transparent 
to the fluorescent radiation in order to lengthen the 
path through the coating (note Fig. 1). The calibra- 
tion curve, once established, is permanent, but in- 
tensity readings should be checked regularly with a 
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piece of bare steel since the intensity of the x-ray 
beam may change as the tube ages. It is convenient 
to have a set of coupons of tin plate with a range of 
known coating weights so that a working curve for 
a new set of conditions can be prepared quickly if 
needed. The specimen requires no special preparation 
but should be reasonably clean and flat. Its size may 
vary within wide limits. Variations in surface condi- 
tion encountered in the usual commercial grades of 
tin plate do not affect reliability of results; nor does 
the method of application, since equally satisfactory 
values may be obtained on base metal coated by the 
hot-dip or the electrolytic process. If the coating is 
not uniform, as is particularly true with hot-dip 
tin plate, then samples must be selected from dif- 
ferent areas and the results averaged in the same 
manner as when chemical methods are used. The 
size of the irradiated area may also be increased 
for such coatings so that a given reading will in- 
dicate the average coating weight over a larger 
area. 


Other Applications of the X-Ray Method to Coating 
Problems 


The present method is useful for the routine meas- 
urement of coating weights on each surface and for 
determination of the variation in coating weight 
from edge to center of sheets. The differences that 
may be obtained on opposite sides of standard test 
coupons are shown in Table II. These values were 
obtained under conditions which gave excellent. re- 
producibility of readings. Thus, the method has been 
helpful in explaining some of the variations in per- 
formance of articles fabricated from coated steel. 

The method is not limited to tin on steel, but 
appears to be generally useful for metal coatings 
such as lead, silver, or cadmium where the base 
metal can be made to fluoresce by an x-ray beam 
which does not produce fluorescence from the coat- 
ing. Fig. 6 shows curves for three samples of cadmium 
coated steel. These are typical of the change in dif- 
fraction patterns that occurs as the coating weight 
increases. The background decreases in intensity as 
the coating weight increases, while the diffraction 
peaks of the coating increase and those of the base 
metal decrease. With heavy coatings, little or ho 
evidence of the pattern of the base metal is obtained. 
Thus, there is an upper limit to the thickness that 
can be measured by the fluorescence method. 

The actual thickness that can be measured is a 
function of the coating and base metal elements, 
as well as of the characteristics of the x-ray equip- 
ment. The common commercial weights of tin on 
steel can be handled by the method described. The 


actual ranges for other coatings or base metals for 
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Fic. 6. X-ray curves for cadmium coated steel made with copper K radiation 


a given set of requirements can be most conveniently 
determined by actual trial. 

One of the most valuable potential applications 
of the nondestructive fluorescence method is for 
the continuous recording and control of the amount 
of tin coating applied to steel by the electrolytic 
process. The principle of the method described has 
been used for such a unit designed and built in the 
research laboratory specifically for utilization on the 
mill electrotinning line. It is now in experimental 
operation. 


SUMMARY 


An x-ray fluorescence method developed for meas- 
uring tin coating weights on steel and for other coat- 
ings has been investigated. Applications of this 
method, including use of the principle for continu- 
ously recording and controlling of coatings deposited 
electrolytically, have been outlined. The accuracy 


of the method is comparable to that of conventional 
methods for measuring tin plate coating weights. 
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